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In recent years, tremendous attention has been paid to the development of high-power 
lithium-ion batteries (LIBs) for electric vehicles (EVs) and hybrid electric vehicles 
(HEVs) to meet the energy and environmental concerns. Unfortunately, the currently used 
carbonaceous materials cannot meet the high-power demand due to their poor rate 
performances and safety hazards although its low voltage potential benefits high energy. 
Li4Ti5O12 (LTO), an intercalation type of anode material, has been regarded as an 
attractive alternative for the carbonaceous materials owing to its several inherent 
advantages in terms of high working potential, good safety and good cyclability. 
However, this material suffers from two main drawbacks of poor conductivity and overly 
high working potential with associated poor power performance. 
The objective of the present study is therefore to improve the power performance of LTO 
through crystal structure modification, compositing and/or hierarchical particle 
construction. To achieve this objective, the material structures, material properties and 
electrochemical performances of the prepared LTO-based materials were systematically 
and intensively studied.  
Firstly, Ni2+ ion was used to dope LTO. Ni2+ doping significantly enhanced the electronic 
conductivity of LTO, leading to an improved rate performance. At 5 C, Li3.9Ni0.15Ti4.95O12 
has a capacity of 72 mAh g–1, which is 1.2 times larger than the pristine value.  
Secondly, a Cu2+ doping-carbon nanotubes (CNTs) compositing complementary strategy 
was employed, resulting in increased electronic conductivity and Li+ diffusion coefficient 
in particles as well as improved electrical conduction between particles. At 10 C, 
Li3.8Cu0.3Ti4.9O12/CNTs composite has a large capacity of 114 mAh g
–1, more than nine 
VII 
 
times larger than the pristine value.  
Thirdly, based on a complementary effect of Fe2+/Ti3+ doping, CNTs compositing and 
carbon’s hinderer of particle growth, Li3.8Fe0.3Ti4.9O12/CNTs and LiCrTiO4/CNTs 
composites respectively exhibit large capacities of 106 and 120 mAh g–1 at 10 C, which 
are about nine and ten times larger than the pristine value. In addition, they show lower 
working potentials by 8.9 and 46.2 mV at 0.1 C.  
Fourthly, hierarchical particle construction was used, and monodispersed mesoporous 
LTO submicrospheres were prepared. Due to the small primary particles, the optimized 
sample displays superior rate performance. At 10 C, it exhibits a large capacity of 109 
mAh g–1.  
Finally, monodispersed/multidispersed mesoporous Li4Ti5O12–x/C submicrospheres were 
fabricated through a complementary method combining carbon compositing, crystal 
structure modification and hierarchical particle construction. The optimized sample 
reveals not only high rate performance but also lower working potential by 4.5 mV. It 
shows a high capacity of 119 mAh g–1 at 10 C and a lower working potential by 4.5 mV 
at 0.1 C. These optimized samples also exhibit good cyclability and large tap densities, 
resulting in promising and potentially practical applications in EVs/HEVs. 
In addition to these practical benefits, two additional benefits have also been achieved. 
The doping law for LTO has been revealed. Moreover, the relations among the material 
composition, material structure, material properties and LIB performances have become 
clear. These two benefits can provide more insight for future material design in the field 
of LIBs.  
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Chapter 1. Background, motivation and 
orientation 
This chapter firstly introduces the structure and working principle of lithium ion batteries 
(LIBs). Then, the recent development of LIBs, a comparison of various anode materials, 
characteristics of Li4Ti5O12 (LTO) and a literature review are provided in sequential order. 
The last section shows the research objectives and contents together with the scope of this 
thesis. 
1.1 Structure and working principle of LIBs 
An LIB is an electrochemical device that converts chemical energy into electrical energy 
and vice versa. It generally consists of a cathode, anode, electrolyte and separator, as 
schematically illustrated in Fig. 1.1. Both the cathode and anode act as the sinks of Li+ 
ions, and the electrolyte and separator provide the separation of Li+ ion transportation and 
electron conduction so that electricity can be utilized by the outer circuit. LiCoO2, 
graphite, LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethylene 
carbonate (DEC) and a microporous polyethylene membrane serve as the typical cathode, 
anode, electrolyte and separator, respectively. During the discharge–charge process, Li+ 
ions and electrons simultaneously conduct in both the cathode and anode according to Eq. 
1.1–Eq. 1.3. 
Cathode:                         LiCoO2 
discharging ⃖                          
                            
charging
 Li1−𝑥CoO2 + 𝑥Li
+ + 𝑥e−                        (1.1) 
Anode:                                  6C + 𝑥Li+ + 𝑥e− 
discharging ⃖                          
                            
charging
 Li𝑥C6                                  (1.2) 
Overall reaction:             6C + LiCoO2 
discharging ⃖                          
                            
charging




Fig. 1.1 Structure and principle of LIBs. 
1.2 Recent development of LIBs 
LIBs are popular electrochemical devices nowadays. Due to their merits in terms of high 
operating voltage, high energy density, low self-discharge and absence of memory effects 
compared with other secondary batteries, they are widely used in portable electronic 
devices, such as notebook PCs, mobile phones, tablets and digital cameras. Stimulated by 
the urgency for environmental protection and the exhaustion of fossil fuel reserves in 
recent years, more and more attention has been paid to the development of LIBs with 
high power density for high-power applications (such as electric vehicles (EVs) and 
hybrid electrical vehicles (HEVs)), which is one of the main research focuses in the field 
of LIBs nowadays [1]. At present, one of the main obstacles that hinder the 
commercialization of LIBs in EVs/HEVs is the significantly lower power density of LIBs 
compared with that of gasoline. Therefore, there is urgency to develop LIBs with high 
power density combined with good cyclability, low cost and high safety in order to 
significantly penetrate the EVs/HEVs market.  
Since the invention of LIBs by SONY in 1992, research on the cathode materials has 
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progressively shifted from layered oxides (such as LiCoO2) to mixed layered oxides 
(such as Li(NixMnyCozAl1–x–y–z)O2), spinel oxides (such as LiNi0.5Mn1.5O4), olivine 
compounds (such as LiFePO4) and pyrophosphates (such as Li2FeP2O7). LiFePO4-based 
cathode materials have been used in the LIBs for EVs due to their high power density, 
good cyclability and high safety. On the other hand, several new anode materials have 
been developed. Some popular anode materials are TiO2, LTO, CoO, Fe2O3, Sn, SnO2, Si 
and SnCo alloy. The commercial application of Sn–Co–C anodes has been realized in 
SONY’s Nexelion batteries, which show a significant increase in volumetric capacity 
over the conventional LIBs. Besides the electrode materials, solid electrolyte and 
advanced high performance electrolyte which can operate at high voltages and over a 
wide operating temperature range have also been emphasized. 
For high-power LIBs, their cathode materials have been intensively investigated. Some 
good cathode materials, such as LiFePO4-based materials, have been well developed. In 
contrast, studies of their corresponding anode materials are still limited [1]. Among 
various anode materials, LTO is believed to be a promising anode material for high-
power LIBs. 
1.3 Overview of anode materials 
An ideal anode material should have good rate performance, low working potential, large 
tap density, high safety, large reversible capacity, good cyclability, low cost and 
nontoxicity. Among these requirements, good rate performance and low working 
potential are the key indicators for high-power applications. Power density is defined as 
operation current density times operation voltage. For an anode material, low working 
potential implies high operation voltage. Thus, to improve the power density, either the 




LIBs have three types of anode reactions: intercalation, conversion and alloying [2,3]. 
Intercalation-type anode materials are carbon-based materials (such as hard carbon, soft 
carbon, and mesocarbon microbeads), LTO, and some transition metal oxides (such as 
TiO2, WO2, MoO2 and Nb2O5). These anode materials usually have good cyclability, high 
safety and nontoxicity, but suffer from relatively low capacity, relatively high working 
potential and poor conductivity. Some transition metal oxides, including CoO, NiO, CuO, 
FeO, RuO2, Fe2O3 and Cr2O3, adopt the conversion mechanism. Finally, a number of 
metallic and semi-metallic elements in groups IV and V (such as Si, Sn, Ge, Pb, P, As, 
Sb, and Bi) and some other metal elements (such as Al, Au, In, Ga, Zn, Cd, Ag, and Mg) 
as well as SnO2 undergo reversible alloying with lithium. The advantage of the last two 
types of anode materials is their large capacity while the disadvantage is their poor 
cyclability. These anode materials will be discussed in detail in the following paragraphs. 
Carbon-based materials have large theoretical capacities. For instance, the theoretical 
capacity of graphite is 372 mAh g–1. In addition, they generally show low operation 
voltages of about 0.1 V (vs. Li/Li+). Consequently, they have been proven to be reliable 
anode materials in commercial LIBs [4]. However, when the operation current density is 
large, they suffer from severe polarization causing metallic lithium to be deposited on the 
surface of these carbon-based materials [5,6]. Safety problems will emerge if such 
process is repeated many times due to the growth of lithium dendrites. 
Several transitional metal oxides such as TiO2, WO2, MoO2 and Nb2O5, can store Li
+ ions 
via the insertion reaction mechanism based on Eq. 1.4 [2,3]. These materials are attractive 
for LIBs due to their good cyclability, good safety, low costs and nontoxicity. However, 
the number of electrons involved in the insertion reaction is generally less than one per Li 
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since Li+ ions can only be accommodated into the vacant sites of the frameworks in these 
oxides. Therefore, insertion-type anode materials have relatively low capacities. 
Moreover, these materials have relatively high working potentials. For instance, TiO2, 
which has various polymorphs such as anatase, rutile and TiO2-B, have relatively high 
working potentials of 1.4–1.8 V (vs. Li/Li+). Their theoretical capacities are about 330 
mAh g–1 [7]. The volume change of TiO2 is small (about 3–4%) during the 
discharging/charging process, which renders TiO2 good structural stability and hence 
good cyclability [8]. However, the poor electrical conductivity and the low Li+ ion 
diffusion coefficient in TiO2 hamper the advancement of TiO2 as anode materials [9, 10]. 
 MO𝑥 +  𝑦Li
+ +  𝑦e− 
charing           ⃖                            
                              
discharging
 Li𝑦MO𝑥                                    (1.4) 
Another promising intercalation-type anode material is LTO with a theoretical capacity of 
175 mAh g–1. Its actual capacity reached is generally above 160 mAh g–1, approaching 
the theoretical capacity [11–13]. It has a high working potential of 1.55–1.56 V (vs. 
Li/Li+) [14,15]. During the discharging–charging process, its volume change is smaller 
than 0.1% [16]. Thus, it is considered as a “zero-strain” anode material. Consequently, it 
has demonstrated good cycle life and reversibility. However, similar to TiO2, it suffers 
from the low Li+ ion diffusion coefficient [17,18] and low electrical conductivity [19]. 
Si and Sn are the two most important elements that follow the alloying mechanism based 
on Eq. 1.5. They have low working potentials and huge capacities of about 3600 and 
about 900 mAh g–1, respectively [2,3,20]. They are abundant and non-toxic. These 
advantages cause them to attract intensive attention from many researchers. However, the 
commercial use of them in LIBs has been limited by their poor cyclability. The large 
volume change of above 300% during lithiation leads to high internal stress, electrode 
pulverization, and subsequent loss of electrical contact between the active material and 
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current collector, resulting in poor reversibility and fast capacity degradations [21]. 
M+ 4.4Li+ +  4.4e− 
charing           ⃖                            
                              
discharging
 Li4.4M                                  (1.5) 
SnO2 adopts the alloying mechanism based on Eq. 1.6 and Eq. 1.7. It has a high 
theoretical capacity of 783 mAh g–1 [22]. Unfortunately, similar to Si and Sn, severe 
volume change (>200%) occurs during the discharging–charging process in the SnO2 
electrode, leading to electrode pulverization and rapid capacity deterioration [2,3,23,24]. 
Therefore, its commercial application in LIBs has been limited. 
SiO2 +  4Li
+ +  4e−  
discharging
→        Sn + 2Li2O                            (1.6) 
 Sn + 4.4Li+ +  4.4e− 
 charing         ⃖                           
                              
discharging
 Li4.4Sn                                (1.7) 
CoO, NiO, CuO, FeO, RuO2, Fe2O3 and Cr2O3 undergo reversible reduction in the 
presence of Li+ ions according to Eq. 1.8. Note that this reaction involves a completed 
change in the structure and the chemical identity of the reactants. Large reversible 
capacity and high energy density have been demonstrated for this reaction since the 
oxidation state is fully utilized and more than one electron is involved in this reaction. 
The capacity reached can be 2–3 times higher than that of graphite (600–1000 vs. 372 
mAh g–1). However, they often show low initial Coulombic efficiency, large potential 
hysteresis, unstable solid-electrolyte interface (SEI) film formation and poor cyclability 
[2,3]. 
 M𝑥O𝑦 +  2𝑦Li
+ +  2𝑦e− 
 charing         ⃖                           
                              
discharging
 𝑥M + 𝑦Li2O                         (1.8) 
For high-power LIBs used in EVs/HEVs, safety and cyclability are considered as priority 
over energy/power density [25]. The working potentials for most of high-capacity anode 
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materials including carbon-based materials and alloying-type materials are in the region 
of 0–0.5 V (vs. Li/Li+). In such a low operating voltage region, the electrolyte is prone to 
decompose and thus an unstable SEI layer is formed on the surface of the anode material. 
This SEI layer in turn promotes the decomposition of the electrolyte. If this process 
continues, gases will be released, pressure in the cell will increase, and finally the cell 
will be destroyed. In contrast, intercalation-type anode materials such as TiO2 and LTO 
operate at relatively higher potentials of above 1.0 V (vs. Li/Li+). At such high working 
potentials, the formation of SEI layer can be avoided. Thus, the overall safety of the cell 
is greatly improved. Besides safety, cyclability is an equally important factor. However, 
cyclability is poor for both the reaction-type and alloying-type anode materials due to 
their large volume change during lithiation. The intercalation-type anode materials, on the 
other hand, have small volume change and thus have good cyclability. Therefore, 
concerning safety and cyclability in LIBs for EVs/HEVs, only intercalation-type anode 
materials possess practical value. 
Among all the intercalation-type anode materials, LTO and TiO2 are considered to be 
attractive. They have similar working potentials. In spite of its lower capacity than TiO2, 
LTO has better cyclability and reversibility because its volume change (<0.1%) is much 
smaller than that of TiO2 (3–4%), making it the most promising anode material for LIBs 
in EVs/HEVs. 
1.4 Characteristics of LTO 
LTO has a spinel structure with a 𝐹𝑑3̅𝑚 space group shown in Fig. 1.2 [26]. In detail, O2– 
ions at 32e sites form a cubic closed packed structure. Tetrahedral 8a sites are occupied 
by Li+ ions, while Li+ and Ti4+ ions are disordered, filling octahedral 16d sites in a molar 
ratio of 1:5. It is noted that the remaining half of the octahedral cation sites in the cubic 
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closed packed structure are vacant (16c sites). Thus, there are four types of ions in LTO: 
O2– ions in 32e sites, Ti4+ ions in 16d sites, Li+ ions in 16d sites and Li+ ions in 8a sites. 
The molar ratio of Li+ ions in 16d sites and in 8a sites is 1:3. The three-dimensional 8a–
16c–8a network is identified as Li+ ion transportation pathways. When discharging, as 
shown in Eq. 1.9, three external Li+ ions and the three Li+ ions in 8a sites move to 16c 
sites. When charging, the process is reversed. During the discharging and charging 
processes, the robust three-dimensional framework (LiTi5)
16d(O12)




32e + 3Li+ +  3e− 
 charing         ⃖                           





32e    (1.9) 
where the superscripts stand for the number of equivalent sites with Wyckoff symbols for 
the 𝐹𝑑3̅𝑚 space group. 
 
Fig. 1.2 Structure of LTO. 
In spinel structure, there exists another space group 𝑃4332, in which 1:3 cation ordering 
occurs in the octahedral sites. The material with 𝑃4332 space group, however, is not 
desirable for lithium ion batteries because it has much lower Li+ ion conductivity [27] 
and electronic conductivity [28] compared to that with 𝐹𝑑3̅𝑚 space group. 
As described in Section 1.3, LTO has two main advantages especially useful in 
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EV/HEVs. First, it is safe because it has a high working potential of 1.55–1.56 V (vs. 
Li/Li+) resulting in the avoidable formation of SEI layer. Second, it has good cyclability 
and reversibility due to its “zero-strain” characteristic. However, it suffers from two main 
disadvantages. The electrochemical window of traditional electrolyte has a lower limit of 
about 1.0 V (vs. Li/Li+) [29,30], implying that the formation of SEI layer can be avoided 
once the working potential is above 1.0 V (vs. Li/Li+). Therefore, the working potential of 
LTO is overly high, leading to a small power density. Moreover, LTO has low Li+ ion 
diffusion coefficient (~10–15 cm2·s–1) [17,18] and poor electrical conductivity (~10–13 S 
cm–1) [19], also resulting in a small power density. If LTO is modified to have lower 
working potential and enhanced conduction, the power density can be improved. This 
modified LTO may be a superior anode material with practical value for high-power LIBs 
in EVs/HEVs. 
1.5 Literature review 
Improvement in the electrochemical performance of LTO is crucial for high power 
applications. In this section, the strategies for solving the two problems of poor 
conductivity (poor rate performance) and overly high working potential are first 
provided. Then, existing studies on LTO are reviewed. 
To develop the strategies for improving conductivity, it is important to understand some 
key control factors determining conductivity. During the discharging and charging 
processes, as illustrated in Fig. 1.3, Li+ ions and electrons simultaneously transport in the 
active particles. At the same time, electrons also need to transfer between the particles. 
Therefore, the conduction depends on Li+ ion conductivity and electronic conductivity in 
the particles, particle size and electrical conduction between the particles. High Li+ ion 
and electronic conductivity in the particles, small particle size, and high electrical 
10 
 
conduction between the particles are desirable for high rate performance. The direct 
measurement of intrinsic ionic conductivity in metal oxide is extremely difficult. Instead, 
Li+ ion diffusion coefficient in the cell can provide the information on mobility of Li+ 
ions within the electrode because Li+ ion diffusion coefficient is determined by the 
slowest step that is the transportation process in the active material. According to the 
Nernst-Einstein relationship (Eq. 1.10), Li+ ion conductivity is proportional to Li+ ion 
diffusion coefficient. Thus, in this research, Li+ ion diffusion coefficient is used instead of 
Li+ ion conductivity to characterize Li+ ion conduction. 
𝜎 =     𝑞
2𝐷/𝑅                                               (1.10) 
where σ is the Li+ ion conductivity,      the molar concentration of Li
+ ions, q the unit 
charge, D the Li+ ion diffusion coefficient, R the gas constant, and T the absolute 
temperature. Table 1.1 summarizes the current research state of LTO regarding to the 
improvement of the electronic conductivity and Li+ ion diffusion coefficient in the 
particle, particle size and working potential. 
 
Fig. 1.3 Conductions of Li
+
 ions and electrons during Li
+
 ion inserting process and 
extraction process. 
As shown in Table 1.1, of the four factors mentioned above, the doping strategy can 
improve three of them. Altering the electronic conductivity and/or Li+ ion diffusion 
coefficient in the particles and/or reducing particle size can be achieved by doping with 
alien ions in (Li)8a, (Li)16d, (Ti)16d or (O)32e sites. Doping can tailor structural 
11 
 
arrangements, thus altering Li+ ion diffusion coefficient. Moreover, doping can introduce 
conductive ions and thus improve electronic conductivity. In addition, dopants may 
hinder the grain growth of LTO, leading to a smaller particle size. Mg2+ [19,31], Sn4+ 
[32,33], Ta5+ [34,35], V5+ [11,36], Ni2+ [12], Nb5+ [13,37], Zr4+ [17], Al3+ [38–40], Zn2+ 
[41], Cr3+ [42,43], Mo4+ [44], Mo6+ [45], Ca2+ [46], La3+ [47], Y3+ [48], Br– doping [49], 
and Mg2+ and Al3+ co-doping [38] have been shown to enhance electronic conductivity. 
To improve Li+ diffusion coefficient, Ta5+ [34], V5+ [11,36], Mg2+ [31], K+ [50], Nb5+ 
[13,37], Zr4+ [17], Cr3+ [42], Mo6+ [45], Ca2+ [46], La3+ [47], Y3+ [48], Zn2+ [51], W6+ 
[52], and Br– [49] doping have been used. La3+ doping [53], and Mg2+ and V5+ co-doping 
[54] have also improved the conductivity. In addition, V5+ [11,36], Nb5+ [37], Zr4+ [17], 
La3+ [47], Y3+ [48], Sr2+ [55] and Al3+ [56] doping have resulted in reduced particle size. 
Although these dopings can improve the rate performance, there still exist some 
limitations. Although doping can possibly enhance the intrinsic conductivity, it is unable 
to increase the electrical conduction between the particles. As a result, the rate 
performance cannot be significantly improved. In addition, existing studies on material 
composition, material structure, material properties and cell performances are still 
unsatisfactory. The role of material structure (crystal structure and particle morphology) 
is still not clear. It is well known that material structure significantly determines material 
properties and then cell performances. Thus, it is imperative to investigate the doping 
strategy based on an intensive study of the material structure. It is known that 3d 
transition metal ions are widely used as dopants in the field of functional ceramics, 
among which, however, only Cr3+ [14,42,43], Ni3+ [14], Fe3+ [14], Ni2+ [12], Zn2+ [41,51] 
and V
5+
 [11,35] have been doped in LTO [18]. Studies on these dopings are not sufficient, 
because the law for doping of LTO has not been unveiled. Therefore, it is necessary to 
systematically investigate the 3d transition metal ions doped LTO and to unveil the law. 
12 
 
Table 1.1 Summary of the current research state of LTO. 
To improve extrinsic conductivity and hence the rate performance, many second phases 
have been used as conductive media such as carbon [57–65], Zn [66], carbon 
nanoparticles [67–73], carbon nanofibers [74,75], carbon nanotubes [76–80], carbon 
mesoporous framework [81], graphene [28,82–86], Cu [87–89], CuxO [90], Ag [91–94], 
Sn [95,96], Au [97], polyacene [98] and TiN [99]. Although this strategy can improve the 
electrical conduction between the particles, the intrinsic conductivity of LTO is unable to 
be improved. Therefore, its capability for improving rate performance is limited. 
Synthesizing nanosized LTO is one of the effective ways to improve the rate 
Target Strategy Current research state 
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performance. Various nanomaterials, such as nanopaticles [100–123], nanowires [124], 
nanorods [125,126], nanotubes [127], nanosheets [128–131], mesoporous beads [132–
150] and hollow spheres [151–155], have been prepared by the solvothermal method, 
sol–gel method, solid state reaction method, template method, modified rheological phase 
reaction method, spray pyrolysis, combustion synthesis method, molten salt method, 
electrospray deposition method, precipitation method or sonochemical method. In 
general, nanosized LTO materials can have good rate performance due to the reduced 
particle size which can shorten the distance of electron conduction and Li+ ion transport 
within the particles. However, the intrinsic and extrinsic conductivities are essentially not 
changed in this strategy. Moreover, nanosized LTO materials generally suffer from low 
initial coulombic efficiency and poor cyclability due to their relatively lower crystallinity. 
In addition, nanosized LTO materials have the common problem of low tap density 
except for mesoporous LTO beads. 
While improvements have been made in the rate performance, limited success has been 
achieved in lowering the working potential. It was reported that the Ti3+/Ti4+ redox couple 
has the lowest working potential among all known redox couples in spinel structure [13]. 
Therefore, the working potential cannot be lowered by introducing other redox couples. 
However, the structural arrangement (available sites, neighboring atoms and ionocovalent 
bonds) on the energy of Ti3+/Ti4+ redox couple may be tailored by doping, thus the 
working potential may be modified [13]. So far, only Cr3+ doping has been demonstrated 
to lower the discharge plateau. LiCrTiO4 has a discharge plateau of 1.50 V, which is 50 
mV lower than that of LTO [14]. Thus, new dopants for lowering the discharge plateau 
and working potential are also required. 
Based on the above analysis, it is clear that no single strategy is able to improve all the 
properties such as high intrinsic and extrinsic conductivity, short ion diffusion 
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transportation path and low working potential. These properties, however, may be 
simultaneously improved by complementary strategies combining doping, introducing a 
second conductive phase and reducing particle size. Therefore, it is highly desirable to 
develop complementary strategies to effectively improve the performance of LTO. 
1.6 Research objectives and contents 
Based on the above review, gaps of the current research of LTO-based anode materials 
are summarized below: 
1) There is still a lack of clear understandings on the relations among material 
composition, material structure and material properties and LIB performances. 
2) Only limited 3d transition metal ions have been used as dopants in LTO. 
Moreover, the roles of doping in LTO have yet to be fully understood. 
3) Very limited success in lowering the working potential has been achieved. 
4) Thorough complementary studies that combine doping, compositing and 
reducing particle size are still very few. 
Thus, the main aim of this study is to develop several LTO-based materials with good 
electrochemical performances in terms of high reversible capacity, initial Coulombic 
efficiency, rate performance and cyclability for high-power LIBs. The specific objectives 
of this research are to: 
1) intensively and systematically study the 3d transition metal ions doped LTO, 
2) investigate the relations among the material composition, material structure, 
material properties and LIB performances and then unveil the law for the doping 
of LTO, and 
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3) develop high-power LTO-based anode materials based on the complementary 
effects of doping, compositing and reducing particle size through the 
achievements of high electrical conductivity and Li
+
 diffusion coefficient in 
particles, good electronic conduction between particles, small particle size, 
and/or low working potential.  
It is understood that many ions can be doped into LTO. Due to time constraints, it is not 
possible to investigate doping using all these ions. Thus, this study only focuses on the 
dopings using several 3d transition ions. In addition, carbon materials are selected as the 
only second conductive phase used in this study due to their super electrical conductivity 
and facile preparation. Finally, the methods of reducing particle size include synthesizing 
mesoporous LTO submicrospheres and using carbon materials to hinder the particle 
growth of LTO. 
In the next chapter, the selection of proper 3d transition metal ions as dopants is first 
discussed and the corresponding doping sites are determined. The synthesis method and 
characterization techniques for the as-synthesized active materials are introduced. The 
procedures employed in electrochemical experiments are described in detail. 
Chapter 3 through 5 show how Ni2+, Cu2+, Fe2+ and Cr3+ doped LTO materials are 
respectively designed and synthesized using a solid-state reaction method, how they are 
characterized using various material characterization techniques and how they are 
examined using electrochemical tests. In particular, the studies of their crystal structures 
are emphasized. These doped materials are in comparison with the pristine LTO. Ni2+, 
Cu2+, Fe2+ and Cr3+ dopings are able to improve the electronic conductivity and/or Li+ ion 
diffusion coefficient of LTO. Thereafter, their compositing with carbon nanotubes (CNTs) 
is introduced to enhance the conduction between the active particles. The introduced 
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CNTs can hinder the particle growth, as shown in Chapter 5. As a result of these 
modifications, the doped LTO materials composited with CNTs show significantly 
improved electrochemical performances. 
Chapter 6 describes the structures and electrochemical performances monodispersed 
mesoporous LTO submicrospheres prepared through a solvothermal method. These 
submicrospheres have large tap densities. The optimized sample exhibits high 
crystallinity, no blockage of Li+ ion transportation pathways, small primary particle size 
and proper pore size, resulting in its good electrochemical performances. 
In Chapter 7, monodispersed and multidispersed Li4Ti5O12–x/C submicrospheres show 
desirable structures in terms of crystal structures and particle morphologies. These 
submicrospheres show high crystallinity of Li4Ti5O12–x, no blockages of Li
+ ion 
transportation pathways, considerable amounts of O2– vacancies and Ti3+ ions, well-
defined spherical shapes, small primary particles composited with carbon coating and 
nanoparticles, large specific surface areas and proper pore sizes. Consequently, they 
deliver high rate performances and cyclablity, but low working potentials, high first cycle 
Coulombic efficiencies and large tap densities. 
In this study, large power densities in LIBs using the newly designed materials are 
presented. The complementary effects of doping, compositing and reducing particle size 
as well as the relations among material composition, materials structure, material 




Chapter 2. Experimental approach 
2.1 Material design 
Table 2.1 3d electron numbers, electronic configurations and octahedral site preference 
energy (OSPE) of 3d transition metal ions in spinel metal oxides [156]. 
*Only high spin electronic configuration is shown since the 3d transition metal ions adopt 
high spin electronic configurations in the spinel metal oxides [157]. 
LTO lattice structure is made of four kinds of ions: O2– ions in 32e sites, Ti4+ ions in 16d 
sites, Li+ ions in 16d sites and Li+ ions in 8a sites. It is known that Li+ ions transport in 
three-dimensional 8a–16c–8a pathways in this spinel structure with the 𝐹𝑑3̅𝑚  space 
group shown in Fig. 1.2 during the discharging and charging processes [158]. The 
presence of non-Li+ ions in 8a sites can block the 8a–16c–8a Li+ ion transportation 
pathways, resulting in a lower Li+ ion diffusion coefficient. Therefore, Li+ ions in 8a sites 
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should not be replaced. It was reported that electronic conduction in spinel oxides 
containing transition metal ions is dominated by localized d electrons hopping among 
octahedral (16d) cations [159–162]. Pure LTO is an insulator with a band gap of 
approximately 3.0 eV [15] since there are no electrons in Ti4+ (t2g0 eg0) 3d orbitals. Thus, 
if other 3d transition metal ions with non-empty 3d electrons substitute Ti4+ ions and Li+ 
ions in 16d sites, they will supply charge carriers (electrons) in the doped LTO, leading to 
significantly enhanced electronic conductivity. Ti4+ ions and Li+ ions in 16d sites are 
therefore the ideal ions to be replaced. O2– ions in 32e sites were reported to be 
substituted by F– ions [163] and Br– ions [49]. However, it may be difficult to control the 
compositions of the doped LTO materials due to the easy volatilizations of F and Br 
elements at high calcination temperatures. O2– ions in 32e sites will hence not be 
modified in the present study, only Ti4+ ions and Li+ ions in 16d sites can be the doping 
targets. 
Table 2.1 lists some 3d transition metal ions in spinel metal oxides with their 3d electron 
numbers and electronic configurations of. The suitable dopants can be identified based on 
the following criteria: 
1) The dopant ion should be at its low valence state so as to make sure the dopant ion 
cannot be reduced during the initial lithiation process. For example, Fe
3+
 should not 




 redox couple is at about 2.2 V (vs. 
Li/Li
+
) [164]. During the initial lithiation process, Fe
3+
 may firstly be reduced to Fe
2+
. 
2) The dopant ion is preferred to have a positive value of octahedral site preference 
energy (OSPE) so as to ensure that the dopant ion prefers to sit at 16d sites rather 
than 8a sites. The occupation of dopant ion in 8a sites is not desirable since it can 
reduce the Li
+
 ion diffusion coefficient. 
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3) The dopant ion should have 3d electrons so as to supply charge carriers (electrons) in 
the doped LTO and thus to increase the electronic conductivity. 
Therefore, Cu2+, Ni2+, Fe2+, Cr3+ and Ti3+ ions have been selected in the doping of LTO. In 
these dopings, M ions substitute both Ti4+ ions and Li+ ions in 16d sites based on Eq. 2.1 
(M=Cu2+, Ni2+ and Fe2+) or Eq. 2.2 (M=Cr3+ and Ti3+). Both strategies can achieve 
particle balance and charge neutrality. 
3𝑀2+  → 2(𝐿𝑖+)16𝑑 + (𝑇𝑖4+)16𝑑                                       (2.1) 
3𝑀3+  → (𝐿𝑖+)16𝑑 + 2(𝑇𝑖4+)16𝑑                                       (2.2) 
Based on the above considerations, several new formulas have been designed for the 
synthesis of doped LTO through doping Cu2+ (Li4–2xCu3xTi5–xO12 (0≤x≤0.25)), Ni
2+ (Li4–
2xNi3xTi5–xO12 (0≤x≤0.25)), Fe
2+ (Li4–2xFe3xTi5–xO12 (0≤x≤0.25), Cr
3+ (Li4–xCr3xTi5–2xO12 
(0≤x≤1) and Ti3+ (Li4Ti5O12–x). 
In addition, carbon and carbon nanotubes (CNTs) are selected as the second conductive 
phases used in this research due to their high electrical conductivity and easy 
preparations. Finally, mesoporous LTO is also synthesized. 
2.2 Material synthesis methods 
Li4–2xCu3xTi5–xO12 (0≤x≤0.25), Li4–2xNi3xTi5–xO12 (0≤x≤0.25), Li4–2xFe3xTi5–xO12 (0≤x≤0.25) 
and Li4–xCr3xTi5–2xO12 (0≤x≤1) powders were synthesized using a facile solid-state 
reaction method. In a typical process, Li2CO3 (Merck, 99.99%), TiO2 (Sigma–Aldrich, 
99.9%), CuO (Aldrich, 99.99%), NiO (Aldrich, 76–77%Ni), FeC2O4·2H2O (Sigma–
Aldrich, 99%) and Cr2O3 (Alfa Asear, 99%) were employed as Li
+, Ti4+, Cu2+, Ni2+, Fe2+ 
and Cr3+ sources, respectively. Doped LTO/CNTs composites were prepared through 
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simply mixing doped LTO and CNTs (Shenzhen Nanotech Port Co. Ltd., main range of 
diameter: 10–20 nm, length: 5–15 µm) or premixing CNTs with the precursors for doped 
LTO. 
Monodispersed TiO2 precursor submicrospheres were synthesized by a sol–gel method 
[165]. LTO materials with different morphologies were prepared by a solvothermal 
method using the monodispersed TiO2 submicrospheres obtained and lithium hydroxide 
(LiOH, Sigma–Aldrich, 98%) as precursors as well as water–ethanol solvents followed 
by calcinations at moderate temperatures. Detailed process is given in Chapter 6. 
Besides the monodispersed precursor TiO2 submicrospheres, multidispersed TiO2 
precursor submicrospheres were also fabricated by the same method detailed in Chapter 
7. After calcining the monodispersed/multidispersed TiO2 precursor submicrospheres, 
monodispersed/multidispersed mesoporous TiO2 submicrospheres were obtained. 
Monodispersed/multidispersed mesoporous Li4Ti5O12–x/C submicrospheres were 
synthesized through a solid-state reaction method in argon atmosphere using the 
monodispersed/multidispersed mesoporous TiO2 submicrospheres, LiOH and sucrose 
(Sigma–Aldrich, 99.5%) aqueous solution as precursors. 
2.3 Battery assembly 
Electrochemical performances of the synthesized LTO-based materials were evaluated at 
room temperature using two-electrode 2016 coin-type half-cells. Electrode slurry was 
prepared by mixing 80 wt% active materials, 10 wt% super P as a conductive, and 10 
wt% polyvinylidene fluoride (PVDF, Sigma–Aldrich) as a binder adequately dispersed in 
an N-methylpyrrolidone (NMP, Sigma–Aldrich) solvent. The slurry was then coated on 
aluminum foils that were dried at 120 ℃ overnight in a vacuum chamber and then pressed 
by a roller press. Thereafter, 2016 coin cells were assembled in a glove box filled with 
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ultra-pure argon gas using the as-prepared electrodes as working electrodes, lithium foils 
as counter and reference electrodes, Celgard 2400 as separators, and 1 M LiPF6 in 
ethylene carbonate (EC)–dimethyl carbonate (DMC)–diethylene carbonate (DEC) (1:1:1 
in weight, DAN VEC) as electrolyte. The loading density of the active materials in 
the cells was ~2.0 mg cm–2. 
2.4 Crystal structure identification 
Structures of the prepared powders were identified by X-ray diffraction (XRD) using 
Shimazu XRD-6000 X-ray powder diffractometer with a Cu Kα radiation source (λ = 
0.1506 nm). The continuous-scan data were recorded from 15° to 70° (2θ) with a step of 
0.02° and a scanning speed of 2°/min. The high quality data for Rietveld refinements 
were recorded from Shimazu XRD-7000 between 15° and 125° with a step of 0.01° (for 
the Fe2+ and Cr3+ doped samples) or 0.03° (for the other samples) and a counting time of 
8 s per step. Rietveld refinements were carried out using the GSAS program with the 
EXPGUI interface [166,167]. The refined instrumental and structural parameters were: 
scale factor, background parameters, zero-shift, unit cell parameters, atomic fractional 
coordinates, atomic occupancies, atomic isotropic displacement parameters and profile 
parameters. The site occupancies were constrained to the designed chemical formulas. 
The site occupancy of oxygen atoms was fixed to be 100%. 
2.5 Valence measurement 
Surface solid-state chemistry of particles was characterized by an X-ray photoelectron 
spectroscopy (XPS, Kratos Ultra DLD, Shimadzu, Japan) in fixed transmission mode 
with a pass energy of 80 mV and a binding energy range of 0–1100 eV. 
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2.6 Particle morphology observation 
The morphologies and microstructures of the samples were examined by field emission 
scanning electron microscopies (FESEM, Hitachi-4300 and JEOL JSM-6700F) and 
transmission electron microscope (TEM, JEOL-2010F). 
2.7 Specific surface area and pore size measurement 
Nitrogen adsorption–desorption isotherms were measured at 77 K on a surface area and 
pore size analyser (Quantachrome NOVA 2200e). Specific surface areas and pore sizes 
were calculated based on the Brunauer–Emmett–Teller (BET) method and Barrett–
Joyner–Halenda (BJH) method, respectively. 
2.8 Thermogravimetry analysis 
The contents of carbon were measured by thermogravimetry (TG) using a 
thermogravimetric analyzer (Shimadzu DTG-60H) at a heating rate of 10 ℃ min–1 in air 
atmosphere from room temperature to 800 ℃. The amount of O2– vacancies and Ti3+ ions 
were also estimated using TG. 
2.9 Tap density measurement 
Tap densities of the powders were tested by an established method [53]. A certain 
quantity of the powers was added into a measuring cylinder, which was then taped until 
the volume of the powders did not change anymore. The tap density was identified to be 
the ratio of the quantity and the volume. 
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2.10 Electrochemical impedance spectroscopy test 
Electrochemical impedance spectroscope (EIS) measurements were performed on the 
coin cells by using a Solartron Analytical 1470E CellTest System coupled with a 
Solartron Analytical 1400  CellTest System with 5 mV ac signal and a frequency range 
from 105–10–2 Hz. The measurements were carried out after the cells have been 
discharged to a depth of 50% followed by two cycles. 
 
Fig. 2.1 (a) A typical Nyquist plot of the EIS result. (b) Equivalent circuit used to fit the 
EIS. RΩ: ohmic resistance of the cell; Rct: charge-transfer resistance; CPEdl: interfacial 
capacitance; W: Warburg impedance. 
As illustrated in Fig. 2.1a, a typical Nyquist curve can be divided into a high frequency 
region (a semicircle) and a low frequency region (a spike) [17,18]. The spike is attributed 
to the diffusion of Li+ ions into the bulk of the electrode material, which is called 
Warburg diffusion. The intercept impedance on the 𝑍′ axis is the ohmic resistance of the 
cell system. The semicircle represents the migration of Li+ ions at the 
electrode/electrolyte interface. This curve can be fitted using an equivalent circuit given 
in Fig. 2.1b. The circuit is comprised of a series resistance (RΩ), a charge-transfer 
resistance (Rct), a constant phase element (CPEdl) and a Warburg impedance (W). RΩ 
indicates the ohmic resistance of the cell. Rct is the electron transfer resistance at the 
active interface. CPEdl reflects the interfacial capacitance. W is described as Warburg 
impedance caused by a semi-infinite diffusion of Li+ ions in the electrolyte. 
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When the surface area of the electrode material is large or a coating on the electrode 
material exists, another semicircle may appear at a frequency region higher than that for 
the previous semicircle. Such semicircle can be fitted by Rs and CPEs, which present the 
resistance for Li+ ion diffusion in the surface layer and the constant phase-angle element 
depicting the non-ideal capacitances of the surface layer. 
2.11 Li
+
 ion diffusion coefficient measurement 
Li+ ion diffusion coefficient D can be calculated from the plot in the low frequency 
region based on Eq. 2.3 and Eq. 2.4 [17,18]. 
𝑍′ = 𝑅𝛺 + 𝑅𝑐𝑡 + 𝜎𝑊𝜔
−0.5                                       (2.3) 
𝐷 = 𝑅2𝑇2/(2𝐴2𝐹4𝜎𝑊
2    
2 )                                      (2.4) 
where 𝑍′ is the real part of the impedance, σw, the Warburg impedance coefficient, ω, the 
angular frequency, R, the gas constant, T, the absolute temperature, A, the surface area, F, 
the Faraday’s constant, and     , the molar concentration of Li
+ ions. 
2.12 Electronic conductivity measurement 
Specimens used for conductivity measurements were prepared by pressing the powder 
samples into pellets with a diameter of 10.25 mm at a pressure of 500 kg cm–2. The 
pressed pellets were then calcined at 650 ℃ for 5 h followed by sintering at 900 ℃ for 48 
h for densification. The thickness of these pellets was about 0.94 mm. All the sintered 
pellets had similar densities of approximately 85–90%. Gold was sputtered to both sides 
of the pellets after the polishing of the surfaces using sand papers. Electronic conductivity 
tests were performed on the pellets using an Analytical 1470E CellTest System under a 
constant voltage of 50 mV for 3 h until the currents became stabilized. 
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2.13 Discharge–charge measurment at low current density 
Discharge–charge characteristics of the cells were recorded in the potential range of 1.0–
2.5V (vs. Li/Li+) using a multi-channel battery testing system (Neware BTS-5V10mA). All 
discharge/charge rates were denoted using C-rate where 175 mA g–1 was assigned to be 1 
C rate since 175 mAh g–1 is the theoretical capacity of the pristine LTO. Theoretically, at 
a current density of 175 mA g–1, discharge or charge from the initial states needs 1 h. The 
actual discharging–charging process, however, does not reach equilibrium state where the 
polarization is prominent. Very little polarization can be observed when the cells are 
discharged/charged at a very low current density. Therefore, all the cells were firstly 
tested at a discharge and charge rate of 0.1 or 0.5 C. At such low rates, electrons and Li+ 
ions have sufficient time to conduct and diffuse, respectively. The maximum accessible 
capacities of the active materials can thus be achieved. 
2.14 Electrochemical reaction signal identification 
For the spinel LTO, the discharge–charge process is accompanied by Ti3+/Ti4+ redox 
reactions. On the one hand, new redox reactions may appear since the 3d transition metal 
ions were doped into the spinel structure. On the other hand, doping tailors the structure 
arrangement (available sites, neighboring atoms and ionocovalent bonds) on the energy 
of Ti3+/Ti4+ redox couple, thus may modify the working potential. It is therefore highly 
necessary to identify these variations so that the effects of doping can be deeply 
understood. The galvanostatic (dQ/dE) curves were directly converted from the discharge 
and charge profiles at a low rate such as 0.1 C where the polarization was negligible. 
2.15 Rate performance tests 
Rate performances of the synthesized materials were tested at the same discharge and 
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charge current density, ranging from 87.5 mA g–1 (0.5 C) to 1750 mA g–1 (10 C). The 
cells were successively discharged/charged at 0.5 C, 1 C, 2 C, 5 C and 10 C for 10 cycles 
each. The discharge–charge profiles at different rates were analyzed and compared. 
2.16 Cyclability at various C 
For cyclability tests, after one initial “break in” cycle at 0.1C, all active materials 
synthesized were tested at 10 C for 100 cycles or 200 cycles where a 5 min step-interval 






 doped Li4Ti5O12 for anodes of 
lithium-ion batteries: structure and rate 
performance 
Li4–2xNi3xTi5–xO12 (0≤x≤0.25) has been synthesized via solid-state reaction. X-ray 
diffractions (XRD) demonstrate that all doped samples have a spinel structure with a 
𝐹𝑑3̅𝑚 space group without any impurities. Through further Rietveld refinements, it is 
shown that both lattice parameter and occupancy of non-Li+ ions in 8a sites negligibly 
change with the amount of Ni2+ dopants. Scanning electron microscope reveals that Ni2+ 
doping does not change the morphology of Li4Ti5O12 (LTO). The best electronic 
conductivity of Ni2+ doped LTO is at least one order of magnitude higher than that of the 
pristine material, while all samples have similar Li+ ion diffusion coefficients. The 
electrochemical performance of Ni2+ doped Li4Ti5O12 between 1.0 and 2.5 V (vs. Li/Li
+), 
especially at high rates, is obviously improved. The specific capacity of 
Li3.9Ni0.15Ti4.95O12 at 5 C is as high as 72 mAh g
–1, while that of the pristine counterpart 
can only achieve 33 mAh g–1. This improved rate performance can be ascribed to its 
enhanced electronic conductivity. 
3.1 Introduction 
The arm of this work was to enhance intrinsic conductivity of LTO and thus its rate 
performance by doping methodology. The 3d electrons in Ni2+ ion have a t2g6 eg3 
electronic configuration [156]. The electrons in the 3d orbitals can contribute to the 
improvement in electronic conductivity. Therefore, Ni2+ ion is expected to be a promising 
dopant for LTO to improve its rate performance. Thus far, only one paper has focused on 
the electrochemical characteristics of Ni2+ doped LTO. Kim et al. have investigated the 
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rate performance of Li11/3Ni1/2Ti29/6O12 [12]. They have shown that the specific capacity of 
this heavily Ni2+ doped LTO is almost double that of the pristine material at 5 C. In this 
type of Ni2+ doped LTO, every two Li+ ions and every one Ti4+ ion are substituted by 
three Ni2+ ions. Obviously, when the amount of dopant increases, the molecular weight 
increases, and the theoretical capacity decreases. Moreover, the study on this doping is 
not complete. It is still unclear how the electrochemical performances can be related to 
the material structure. Therefore, it is highly desirable to systematically research on the 
electrochemical performance of LTO with light Ni2+ doping. Li4–2xNi3xTi5–xO12 (0≤x≤0.25) 
synthesized via a facile solid-state reaction method is systematically studied in the current 
research. The effects of doping on electrochemical performances are also investigated. 
3.2 Experimental 
3.2.1 Material preparations 
All samples were prepared using a solid-state reaction method. In a typical fabrication 
processing, Li2CO3 (Merck, 99.99%), TiO2 (Sigma–Aldrich, 99.9%) and NiO (Aldrich, 
76–77%Ni) powders were employed as Li+, Ti4+ and Ni2+ sources, respectively. 
Appropriate amounts of these sources were firstly ball-milled for 0.5 h in a Spex ball-
milling machine to homogenously mix the powders. In all cases, 3 mol% excessive 
Li2CO3 was added to compensate for Li2O evaporation during the synthesis at high 
temperature. Then, the milled mixtures were calcined at 800 ℃ for 4 h in a muffle 
furnace in air. 
3.2.2 Material characterizations 
Crystal structure identification, particle morphology observation, valence measurement 
and electronic conductivity measurement have been described in Sections 2.4, 2.6, 2.5 
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and 2.10, respectively.  
3.2.3 Electrochemical tests 
LIB assembly process, discharge-charge measurement and rate performance test have 
been shown in Sections 2.3, 2.13 and 2.15, respectively. To measure Li+ ion diffusion 
coefficient, electrochemical impedance spectroscope (EIS) measurements were 
performed, as shown in Sections 2.10 and 2.11. 
3.3 Results and discussion 
3.3.1 Crystal structure analysis 
 
Fig. 3.1 (a) XRD spectra of Li4–2xNi3xTi5–xO12 (0≤x≤0.075); (b) comparison of (200) peaks 
of Li4–2xNi3xTi5–xO12 (0≤x≤0.25). 
XRD spectra of Li4–2xNi3xTi5–xO12 (0≤x≤0.25) samples with enlarged (220) peaks are 
shown in Fig. 3.1a and Fig. 3.1b. All peaks in Fig. 3.1a can be indexed as a cubic spinel 
structure with a 𝐹𝑑3̅𝑚 space group (JCPDS 26-1198). The sharp peaks indicate good 
crystallinity of all the samples and no impurities were detected, demonstrating that Ni2+ 
ions have been successfully introduced into the lattice structure of LTO. In this spinel 
structure, the intensity of the (220) peak at approximately 30.2° is determined by the 
scattering power of the cations in 8a sites. For all the samples, the (220) peak cannot be 
observed, indicating that 8a sites are almost full of Li+ ions with very small scattering 
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factor and that very few non-Li+ ions occupy 8a sites. 
Table 3.1 Results of crystal structure analysis by Rietveld refinements in Li4–2xNi3xTi5–
xO12 (0≤x≤0.075). 
f: site occupancy, Rwp: weighted profile residual, Rp: profile residual, and  2: goodness of 
fit. 
Spinel Li4–2xNi2xTi5–xO12, space group: 𝐹𝑑3̅𝑚 (cubic) 













































0.999(3) 1.000(2)  0.999(2) 0.999(2) 
Ti1  0.001(3) 0.000(2)  0.001(2) 0.001(2) 
16d 
Li2  0.167(2) 0.158(1)  0.151(1) 0.142(1) 
Ti2  0.833(2) 0.829(1)  0.824(1) 0.821(1) 
Ni – 0.0125(–) 0.025(–) 0.0375(–) 
32e O 1(–) 1(–) 1(–) 1(–) 
Rwp   0.1032 0.1011 0.1054 0.0943 
Rp   0.0782 0.783 0.0815 0.0730 




Fig. 3.2 Final observed, calculated, and error profiles with Rietveld refinements for Li4–
2xNi3xTi5–xO12 with (a) x=0, (b) x=0.025, (c) x=0.05 and (d) x=0.075. 
To better understand the structure in detail, Rietveld refinements were employed. Fig. 3.2 
presents the final observed, calculated, and error profiles for Li4–2xNi3xTi5–xO12 (x=0, 
0.025, 0.05 and 0.075) while the results of the crystal structure analysis are listed in Table 
3.1. Several constrains for the refinements have been assumed. Firstly, the site 
occupancies fulfilled stoichiometric composition of Li4–2xNi3xTi5–xO12 in which all Ni-ions 
have +2 oxidation state. The XPS results of Li4.85Ni0.225Ti4.925O12 given in Fig. 3.3 show 
that the 2p3/2 peak of Ni
3+ is much smaller than that of Ni2+, which is well consistent with 
existing results [12]. Therefore, it is reasonable to assume that Ni3+ ions in Li4–2xNi3xTi5–
xO12 (0≤x≤0.25) can be negligible. Secondly, all ions had the same isotropic temperature 
factors. Finally, the distribution of ions in the spinel structure was fixed as follows: O2– 
ions were fixed at 32e sites; Li+ and Ti4+ ions were located at both 8a and 16d sites while 
Ni2+ ions only occupied 16d sites. In principle, Ni2+ ions may be distributed at both 8a 
and 16d sites. However, the refinements in this case could not proceed due to the 
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similarity in scattering factors of Ni2+ and Ti4+ ions. Ni2+ ion has larger octahedral site 
preference energy (OSPE, 86.25 kJ mol–1) than Ti4+ ion (0 kJ mol–1) [156], indicating that 
Ni2+ ion has higher tendency to stay at 16d sites than Ti4+ ion. Therefore, it is reasonable 
to assume that Ni2+ ions only occupied 16d sites, while Ti4+ ions occupied both 8a and 
16d sites. 
 
Fig. 3.3 XPS spectra of Ni 2p core levels of Li4.85Ni0.225Ti4.925O12. 
In all the four samples, the occupancy of Ti4+ ions in 8a sites is negligible, confirming 
that Ni2+ doping hardly introduces non-Li+ ions into 8a sites. The pristine LTO has a 
lattice parameter of 8.3611 Å, consistent with that previously reported [11,35,42]. The 
variation of the lattice parameter is within 0.01%, indicating that Ni2+ doping cannot 
significantly impact the lattice parameter. This phenomenon may be ascribed to the ion-
size effect. For Li4–2xNi3xTi5–xO12, almost all the substitutions occur in 16d sites. In the 
16d sites, every two Li+ ions (0.76 Å) and every one Ti4+ ion (0.605 Å) are replaced by 
three Ni2+ ions (0.69 Å) [168]. 2×0.76+1×0.605≈3×0.69, resulting in negligible 
difference in the lattice parameter. 
3.3.2 Particle Morphology 
The powder morphology of Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 0.075) calcined at 
800 ˚C for 4 h in air is displayed in Fig. 3.4. All the samples have similar morphologies. 
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There is almost no change in morphologies after Ni2+ doping. The particle size, with a 
wide distribution from less than 100 nm to more than 1000 nm, has a medium value of 
approximately 500 nm.   
   
  
Fig. 3.4 FESEM images of as-synthesized Li4–2xNi3xTi5–xO12 with (a) x=0, (b) x=0.025, (c) 
x=0.05 and (d) x=0.075. 
3.3.3 Li+ ion diffusion coefficient measurement 
Electrochemical impedance spectroscope (EIS) was employed to study the influence at 
different levels of doping in Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 0.075) samples. Fig. 
3.5a shows the Nyquist plots of the impedance response of Li4–2xNi3xTi5–xO12 (x=0, 0.025, 
0.05and 0.075) electrodes. To better understand the plots, the AC impedance spectra were 
fitted using an equivalent circuit shown in the inset of Fig. 3.5a (i.e., Fig. 2.1b). The 
explanation of the circuit is shown in Section 2.10. The fitted results are tabulated in 
Table 3.2. It can be seen that the RΩ values of all the samples investigated are similar, 
whereas the Rct values vary largely with different samples. Ni
2+ doped samples exhibit 
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lower Rct values than that of the pristine LTO, indicating that the doped samples have 
higher conductivity than the pristine counterpart. Among all the samples, 
Li3.9Ni0.15Ti4.95O12 has the lowest charge transfer resistance. 
 
Fig. 3.5 (a) Nyquist plots for impedance response of Li4–2xNi3xTi5–xO12 (0≤x≤0.075) 
samples; the inset shows the selected equivalent circuit to fit the plots. (b) Relationship 
between real impedance and low frequency for Li4–2xNi3xTi5–xO12 (0≤x≤0.075) samples.  
Table 3.2 Impedance parameters of the Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 0.075) 
electrodes. 
The plot of real impedance versus reciprocal square root of the lower angular frequency 
ω–0.5 is illustrated in Fig. 3.5(b), from which the value of Warburg impedance coefficient 
σW can be obtained according to Eq. 2.3. Li
+ ion diffusion coefficient D can be calculated 
from Eq. 2.4. The dependency tendency of Li+ ion diffusion coefficient D on composition 
x is given in Fig. 3.6. The pristine LTO electrode has a Li+ ion diffusion coefficient of 













Li4Ti5O12 3.23 89.3 10.9 5.74×10
–15
 
Li3.95Ni0.075Ti4.975O12 2.81 64.3 10.7 5.84×10
–15
 
Li3.9Ni0.15Ti4.95O12 2.55 55.7 9.25 7.16×10
–15
 





exhibit Li+ ion diffusion coefficients similar to pristine one, although the 
Li3.9Ni0.15Ti4.95O12 sample has the largest value. These similar D values may be ascribed 
to their crystalline characteristics. It is known that Li+ ions transport in three-dimensional 
8a–16c–8a pathways in this spinel structure with the 𝐹𝑑3̅𝑚  space group during the 
discharging and charging processes [158]. Li+ ions have to migrate through the oxygen 
planes located between 8a sites and 16c sites, which is the Li+ ion transportation 
bottleneck. In this oxygen closed packed structure, the small variation in the lattice 
parameter implies that the distance between the nearest neighbouring O2– ions is hardly 
changed, which can lead to the similar values of the Li+ ion diffusion coefficient of the 
active materials in the cell.  
 
Fig. 3.6 Variations in Li
+
 ion diffusion coefficient and electronic conductivity as a 
function of composition x in Li4–2xNi3xTi5–xO12 (0≤x≤0.075). 
3.3.4 Electronic conductivity 
Fig. 3.6 also illustrates the dramatic increase in electronic conductivity that can be 
imparted to Li4–2xNi3xTi5–xO12 by Ni
2+ doping. The electronic conductivity of the pristine 
LTO is very low (< 1×10–9 S cm–1) so that it could not be accurately determined within 
the resolution of the Solartron Analytical 1470E CellTest System. The electronic 
conductivity monotonically increases with x, reaching a large value of 3.1×10–8 S cm–1 
(x=0.075), in good agreement with Kim et al.’s results [12]. This value is larger than 
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those of Al3+ doped, Ga3+ doped, Co3+ doped, Mg2+ and Al3+ co-doped, and Ta5+ doped 
LTO with similar doping levels shown in Table 3.3 [35,151]. It is obvious that 3d 
transition metal ion Ni2+ doping can greatly improve the electronic conductivity. Previous 
reports showed that electronic conduction in spinel oxides containing transition metal 
ions is dominated by localized d electrons hopping among the octahedral (16d) cations 
[159–162]. The pristine LTO is an insulator since there are no electrons in Ti4+ (t2g0 eg0) 
3d orbitals. Its electronic conductivity is still very low when only a small amount of Li+ 
ions insert to it [169]. In contrast, Ni2+ (t2g6 eg3) ions in 16d sites supply the charge 
carriers (electrons) in the doped LTO. Therefore, the electronic conductivity of LTO is 
greatly enhanced upon Ni2+ doping. More Ni2+ ions can supply more electrons, leading to 
larger electronic conductivity. 
Table 3.3 Comparison of electronic conductivity using various dopings. Electronic 
conductivity was measured using the same method [35,151]. 
3.3.5 Charge/discharge performance at 0.5 C 
Fig. 3.7 plots the second specific charge and discharge capacities of the cells prepared 
using Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 0.075) in the potential range of 1.0–2.5 V 
(vs. Li/Li+) at 0.5 C. During the discharge, the potential drops quickly down to a flat 














































































1.6 V (vs. Li/Li+) can also be observed. This suggests a two-phase reaction based on 
Ti3+/Ti4+ redox couple [26]. No other charge/discharge plateaus were observed. The 
1.56/1.6 V (vs. Li/Li+) plateau contributes more than 90% of the total discharge/charge 
capacity. The specific capacity decreases when the doping amount increases. At such low 
rate, electrons and Li+ ions have adequate time to conduct and diffuse respectively. Thus, 
the maximum accessible capacity of the active material can be achieved, which may be 
determined by the theoretical capacity of the active material. The theoretical capacity of 
Li4–2xNi3xTi5–xO12 is calculated as 80400/(460+114x) mAhg
–1. Obviously, when x 
increases, the theoretical capacity decreases. Therefore, the pristine LTO has the largest 
capacity of 164 mAh g–1, while Li3.85Ni0.225Ti4.925O12 has 150 mAh g
–1. 
 
Fig. 3.7 Second discharge–charge profiles of Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 
0.075) samples at 0.5 C (identical discharge/charge rates were used). 
3.3.6 Rate performance 
High rate performance is one of the most important electrochemical characteristics of 
batteries for EVs/HEVs. The second discharge–charge profiles of Li4–2xNi3xTi5–xO12 (x=0, 
0.025, 0.05 and 0.075) samples at different rates from 0.5 C to 5 C are presented in Fig. 
3.8. It can be clearly observed that all discharge plateaus monotonically drop due to 
increasing polarization when the rate increases. For the pristine LTO, with increasing 
rate, the discharge plateau slowly becomes inconspicuous so that no obvious discharge 
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plateau can be found at 5 C. For each Ni2+ doped LTO, however, an obvious discharge 
plateau is always observed even at a high rate of 5 C. Meanwhile, all discharge and 
charge capacities decrease with the rate. 
 
 
Fig. 3.8 Second discharge–charge profiles of Li4–2xNi3xTi5–xO12 samples with (a) x=0, (b) 
x=0.025, (c) x=0.05 and (d) x=0.075 at 0.5 C, 1 C, 2 C and 5 C (identical 
discharge/charge rates were used). 
Fig. 3.9 reveals the rate and cyclic performance of the four samples at different rates. It 
can be seen that the variation in capacity for all the samples is not apparent at low rates 
(under 1 C). As discussed in Section 3.3.5, when the rate is low, Li+ ions and electrons 
have adequate time to diffuse and conduct respectively, which minimize the difference 
among the capacities at low rates. It can be observed that the pristine LTO displays the 
largest capacity among all the four samples at 0.5 C. When the rate increases, however, 
its capacity quickly decreases. At 1 C, it is 143 mAh g–1, 105 mAh g–1 at 2 C; and at 5 C, 
its remaining capacity is only 33 mAh g–1. In contrast, as revealed in Fig. 3.9, in spite of 
their relatively lower capacities at 0.5 C, the doped samples reveal much less capacity 
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degradation than that of the pristine material with the rate increases. For example, at 2 C, 
the capacities of Li3.95Ni0.075Ti4.975O12, Li3.9Ni0.15Ti4.95O12 and Li3.85Ni0.225Ti4.925O12 are 123, 
121 and 115 mAh g–1 respectively; and at 5 C, they are 63, 72 and 56 mAh g–1. For 
clearer observation, the relative capacities of all the samples as a function of the rate are 
provided in Fig. 3.10, where the capacities determined at 0.5 C are taken as standard. 
 
Fig. 3.9 Rate and cyclic performances of Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 0.075) 
samples at different rates: 1
st–10th cycles at 0.5 C, 11th–20th at 1 C, 21th–30th at 2 C and 
31
th–40th at 5 C (identical discharge–charge rates were used). 
 
Fig. 3.10 Capacity retention of Li4–2xNi3xTi5–xO12 (x=0, 0.025, 0.05 and 0.075) samples at 
0.5 C, 1 C, 2 C and 5 C (identical discharge/charge rates were used). 
These results indicate that Ni2+ doping impairs the capacity of LTO at low rates, but can 
obviously enhance its rate performance. In this research, since all the samples have 
similar morphologies and Li+ ion diffusion coefficients, the rate performance of the active 
materials is determined by their electronic conductivity. The electronic conductivity in 
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the doped materials can facilitate the charge-transfer reaction in the cathodes, resulting in 
a good rate performance. It is worth noting that, as shown in Fig. 3.10, Li3.9Ni0.15Ti4.95O12 
has the best rate performance, indicating that the x=0.05 dopant amount is appropriate. 
This result could be explained by its best combination of Li+ ion diffusion coefficient and 
electronic conductivity. It is also consistent with the EIS results showing the smallest Rct 
value for Li3.9Ni0.15Ti4.95O12 in Table 3.2. At 5 C, the capacity of Li3.9Ni0.15Ti4.95O12 is 
118% higher than that of the pristine value, indicating that Li3.9Ni0.15Ti4.95O12 is superior 
compared to the heavily Ni2+ doped Li11/3Ni1/2Ti29/6O12 sample studied by Kim et al. [12] 
at this high rate. 
3.4 Conclusions 
In this part of the research, Li4–2xNi3xTi5–xO12 (0≤x≤0.25) powders have been prepared 
through a solid-state reaction method. All Ni2+doped materials possess a spinel structure 
with a 𝐹𝑑3̅𝑚 space group without any impurities. They have similar lattice parameters 
and free blockages of Ni2+ in the 8a–16c–8a Li+ transportation pathways. Ni2+ doped 
samples have similar Li+ ion diffusion coefficients to the pristine counterpart due to the 
negligible change in the lattice parameter. The electrons in the 3d orbitals of Ni2+ ions 
contribute to the improved electronic conductivity. As a result, Ni2+ doped samples have 
good rate performance, of which Li3.9Ni0.15Ti4.95O12 is the best. At 5 C, it has a high 
capacity of 72 mAh g–1 which is 1.2 times larger than that of the pristine material. 
Therefore, the Ni2+ doped LTO may find promising applications in EVs/HEVs due to its 




Chapter 4. Improved electrochemical performance 
of Li4Ti5O12-based materials for lithium-ion 
batteries: complementary effect of doping and 
compositing 
To improve the rate performance of Li4Ti5O12 (LTO), doping that utilizes Cu
2+ to alter 
intrinsic property and compositing through incorporating carbon nanotubes (CNTs) to 
engineer extrinsic conductivity are investigated. To realize cost-effective fabrication, 
solid state processing is adopted in the fabrication of the composite. X-ray diffraction 
measurement combined with Rietveld refinement shows that all doped samples have a 
spinel structure with a 𝐹𝑑3̅𝑚 space group without any impurities, and that both lattice 
parameter and occupancy of non-Li+ ions in 8a sites increase with the amount of Cu2+ 
dopant. Through the Cu2+ doping, the electronic conductivity and Li+ ion diffusion 
coefficient of the particles are improved by at least two orders of magnitude and four 
times, respectively. Through further CNTs compositing, the electrical conduction 
between the particles is enhanced. Between 1.0 and 2.5 V (vs. Li/Li+), the specific 
capacity of Li3.8Cu0.3Ti4.9O12/CNTs composite at 10 C is as high as 114 mAh g
–1 with little 
loss after 100 cycles, whereas that of the pristine material is only 11 mAh g–1. The good 
electrochemical performance can be ascribed to its higher electronic conductivity and 
enhanced lithium ion conductivity in the particles, as well as its improved electrical 
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) of LTO limit its rate performance [17–19]. 
During the charge–discharge processes, Li+ ions intercalate and de-intercalate into and 
from LTO lattice accompanied by electrons. Obviously, the conductivity of LTO depends 
on electronic conductivity as well as Li
+
 ion diffusion coefficient. High electronic 
conductivity and Li
+
 ion diffusion coefficient of LTO particles must be accompanied by 
good electrical conduction between LTO particles to ensure the high rate performance. 
Doping with alien ions can effectively alter the electronic conductivity and/or Li
+
 ion 
diffusion coefficient in LTO particles. However, this strategy cannot enhance the 
electrical conduction between LTO particles. In contrast, introducing a second phase can 
obviously improve the electrical conduction between LTO particles but it cannot modify 
the intrinsic conductivity of LTO. Thus, the single use of either strategy cannot notably 
improve the rate performance of LTO. For instant, in Chapter 3, we demonstrated that the 
rate performance of LTO was improved by Ni
2+
 doping. The capacity of 
Li3.9Ni0.15Ti4.95O12 at 5 C was 72 mAh g
–1
, which was 118% higher than that of the 
pristine LTO (33 mAh g
–1
). The only improved factor, the increased electronic 
conductivity, led to the limited improvement of rate performance. Therefore, it is highly 
desirable to develop a new effective strategy to significantly improve the rate 
performance through simultaneously enhance electronic conductivity and Li
+
 ion 
diffusion coefficient of LTO particles as well as electrical conduction between LTO 
particles. 
Based on these considerations mentioned above, a complementary strategy of doping and 
compositing has been used to improve the rate performance of LTO. Although many 
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dopants have been used, no investigations have thus far been reported on the 
electrochemical characteristics of Cu2+ doped LTO. The 3d electrons in Cu2+ have a t2g6 
eg2 electronic configuration [156], which may contribute to the enhancement of 
electronic conductivity in LTO particles. Moreover, Cu2+ ion in the octahedral site has a 
size (0.73 Å) much larger than that of Ti4+ ion (0.605 Å) [168]. Thus, Cu2+ doped LTO 
can have a larger lattice parameter, which may lead to improved Li+ ion diffusion 
coefficient in LTO particles. Cu2+ ion is therefore expected to be a promising dopant for 
LTO to improve its rate performance. In addition, to achieve better electrical conduction 
between LTO particles, carbon nanotubes (CNTs) are composited with Cu2+ doped LTO. 
In this research, a facile solid-state reaction method is used to fabricate Cu2+ doped LTO. 
Then, Cu2+ doped LTO/CNTs composite is prepared by simply mixing CNTs with Cu2+ 
doped LTO. The intrinsic conductivity of Cu2+ doped LTO is studied. The effects of 
doping and compositing on the electrochemical performances of LTO are systematically 
investigated. 
4.2 Experimental 
4.2.1 Material preparations 
Cu2+ doping is designed in such a way that two thirds of Cu2+ ions stay in Li positions 
and one third of Cu2+ ions stay in Ti positions which can be written as 




Li Cu2Cu=Cu3                                               (4.1) 
Both pure LTO and doped Li4–2xCu3xTi5–xO12 (0≤x≤0.15) were prepared by solid-state 
reaction. TiO2 (Sigma–Aldrich, 99.9%), Li2CO3 (Merck, 99.99%) and CuO (Aldrich, 
99.99%) powders, used as raw materials, were ball-milled for 2 h in a Spex ball-milling 
machine and then calcined at 800 ℃ for 4 h in an air atmosphere. In all cases, 3 mol% 
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excessive Li2CO3 was added to compensate for the volatilization of Li at the high 
calcination temperature. Li3.8Cu0.3Ti4.9O12/CNTs (Shenzhen Nanotech Port Co. Ltd., main 
range of diameter: 10–20 nm, length: 5–15 µm) composite was finally fabricated by 
simple sonication of Li3.8Cu0.3Ti4.9O12 powders with 10 wt% CNTs in a beaker filled with 
30 ml ethanol. The suspension was sonicated at 130 W for 20 min in an ultrasonic 
sonicator (VCX 130, Sonics & Materials, Inc., USA), followed by drying at 80 ℃. 
4.2.2 Material characterizations 
Crystal structure identification, particle morphology observation, specific surface area 
and pore size measurement, and electronic conductivity measurement have been 
described in Sections 2.4, 2.6, 2.7 and 2.10, respectively.  
4.2.3 Electrochemical tests 
LIB assembly process, discharge-charge measurement, rate performance test and 
cyclability test have been shown in Sections 2.3, 2.13, 2.15 and 2.16, respectively. To 
measure Li+ ion diffusion coefficient, electrochemical impedance spectroscope (EIS) 
measurements were carried out, as shown in Sections 2.10 and 2.11. 
4.3 Results and discussion 
4.3.1 Crystal structure analysis 
XRD spectra of Li4–2xCu3xTi5–xO12 (0≤x≤0.25) samples and the comparison of (220) peaks 
are plotted in Fig. 4.1. All diffraction peaks in Fig. 4.1a confirm to a cubic spinel 
structure with a 𝐹𝑑3̅𝑚 space group (JCPDS 26-1198) where the cations in 8a sites should 
be reflected by (220) diffraction in XRD. For the pristine LTO, there is no diffraction, 
inferring that its 8a sites are almost fully filled by Li+ ions since Li+ ions show very small 
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scattering factor. However, the intensity of the (220) peak increases with increase in the 
amount of Cu2+ dopants, implying that more non-Li+ ions occupy 8a sites, such as Cu2+ 
according to the present design as indicated in Eq. 4.1. 
 
Fig. 4.1 (a) XRD spectra of Li4–2xCu3xTi5–xO12 (0≤x≤0.15); (b) comparison of (220) peaks 
of Li4–2xCu3xTi5–xO12 (0≤x≤0.15). 
To better understand the structure, Rietveld refinements were further carried out. The 
final parameters of the preferred models are given in Table 4.1 with the observed, 
calculated and error plots in Fig. 4.2. Three constrains for the refinements are assumed. 
Firstly, the site occupancies fulfill stoichiometric composition of Li4–2xCu3xTi5–xO12. 
Secondly, isotropic temperature factors of all ions are constrained to be the same. Finally, 
O2– ions are fixed at 32e sites, while Li+ and Ti4+ ions are distributed at both 8a sites and 
16d sites. In principle, Cu2+ ions can be located at both 8a and 16d sites. However, the 
refinements cannot proceed due to the similar scattering factors of Cu2+ and Ti4+ ions; 
therefore Cu2+ ions are assumed to only occupy 16d sites. Another reason to assume Cu2+ 
ion to be only at 16d sites is due to its significantly larger octahedral site preference 
energy (OSPE, 63.64 kJ mol–1) than Ti4+ ion (0 kJ mol–1) [156], indicating that Cu2+ ion 
has much higher tendency to occupy 16d sites than Ti4+ ion. Thus, it is reasonable to 
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assume that Cu2+ ions only occupy 16d sites, while Ti4+ ions occupy both 8a and 16d 
sites. 
Table 4.1 Results of crystal structure analysis by Rietveld refinements in Li4–2xCu3xTi5–
xO12 (0≤x≤0.15). 
f: site occupancy, Rwp: weighted profile residual, Rp: profile residual, and  2: goodness of 
fit. 
Spinel Li4–2xCu2xTi5–xO12, space group: 𝐹𝑑3̅𝑚 (cubic) 












































0.999(3) 0.978(2)  0.943(2) 0.912(2) 
Ti1  0.001(3) 0.022(2)  0.057(2) 0.088(2) 
16d 
Li2  0.167(2) 0.161(1)  0.162(1) 0.161(1) 
Ti2  0.833(2) 0.814(1)  0.788(1) 0.764(1) 
Cu  – 0.025(–) 0.05(–) 0.075(–) 
32e O 1(–) 1(–) 1(–) 1(–) 
Rwp   0.1032 0.0928 0.0804 0.0643 
Rp   0.0782 0.0710 0.0628 0.0496 




Fig. 4.2 Final observed, calculated, and error profiles with Rietveld refinements for Li4–
2xCu3xTi5–xO12 with (a) x=0, (b) x=0.05, (c) x=0.1 and (d) x=0.15. 
Fig. 4.3 shows two variable factors, lattice parameter a and occupancy of Ti4+ ion in 8a 
sites f vs. composition x. As can be seen, both the lattice parameter and the occupancy 
monotonically increase with x following the Vegard law. The lattice parameter increases 
from 8.3611 Å to 8.3678 Å when x is increased to 0.15. The increase may be ascribed to 
the ion-size effect. For (Li2.718Ti0.282)
8a(Li0.982Cu0.45Ti4.568)
16dO12
32e (x=0.15), compared 
with the pristine LTO, on the one hand, roughly 10% of Li+ ion (0.59 Å) in 8a sites are 
replaced by Ti4+ ion (0.42 Å), which should lead to a shrunk crystalline cell; on the other 
hand, Cu2+ ions (0.73 Å) substitute 0.45 out of 5 Ti4+ ions (0.605 Å) in 16d sites, largely 
contributing to the increased lattice parameter. Since 0.45×(0.73–0.605)–0.3×(0.42–
0.59)=0.05>0, the latter effect carries more weight than the former one, resulting in an 
overall increase in lattice parameter. In all the four samples, Li+ ions approximately 
occupy 1/6 of the 16d sites. When Cu2+ ions stay at 16d sites, roughly the same amounts 
of Ti4+ ions as Cu2+ ions are pushed into 8a sites to form a stable structure. This is due to 
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the fact that Cu2+ ion with a large OSPE value prefers 16d sites, whereas Ti4+ ion with a 
zero OSPE value has equal tendency to stay at either 16d or 8a sites. 
 
Fig. 4.3 Lattice parameter and occupancy of Ti
4+
 ion in 8a sites vs. composition x in Li4–
2xCu3xTi5–xO12 (0≤x≤0.15). The error bar represents one standard deviation of uncertainty. 
4.3.2 Particle Morphology 
 
  
Fig. 4.4 FESEM images of as-synthesized Li4–2xCu3xTi5–xO12 with (a) x=0, (b) x=0.05, (c) 
x=0.1 and (d) x=0.15. 
The powder morphologies of the pristine LTO and Cu2+ doped LTO powders are 
displayed in Fig. 4.4. It is obvious that all the samples have similar morphologies with a 
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wide particle size distributions ranging from less than 100 nm to more than 1000 nm. The 
specific surface areas of LTO, Li3.9Cu0.15Ti4.95O12, Li3.8Cu0.3Ti4.9O12 and Li3.7Cu0.45Ti4.85O12 
are 3.6, 3.0, 3.1 and 3.2 m2 g–1, respectively. 
4.3.3 Li+ ion diffusion coefficient measurement 
Measurement of EIS was performed to study the influence of doping. An equivalent 
circuit used to fit the spectra is given in the inset of Fig. 4.5a (i.e., Fig. 2.1b) together 
with EIS. The explanation of the circuit is shown in Section 2.10. The fitted results are 
displayed in Table 4.2. Obviously, all the samples investigated exhibit similar RΩ values 
but very different Rct values. The Rct values of Li3.9Cu0.15Ti4.95O12 (59.4 Ω), 
Li3.8Cu0.3Ti4.9O12 (48.5 Ω) and Li3.7Cu0.45Ti4.85O12 (68.7 Ω) are smaller than that of pristine 
LTO (89.3 Ω), indicating that the Cu2+ doped LTO has higher conductivity. Among all the 
samples, Li3.8Cu0.3Ti4.9O12 has the smallest charge transfer resistance. 
 
Fig. 4.5 (a) Nyquist plots for impedance response of Li4–2xCu3xTi5–xO12 (0≤x≤0.15) 
samples; the inset shows the selected equivalent circuit to fit the plots. (b) Relationship 
between real impedance and low frequency for Li4–2xCu3xTi5–xO12 (0≤x≤0.15) samples. 
Li+ ion diffusion coefficient D can be calculated from EIS according to Equations 2.3 and 
2.4. The 𝑍′– 5.0W plots are illustrated in Fig. 4.5b, and the corresponding calculated D 
values are shown in Table 4.2 and Fig. 4.6. It can be seen that all the doped samples have 
considerably higher Li+ ion diffusion coefficients than that of the pristine counterpart. 
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The increase may be attributed to their crystalline characteristics. It is known that Li+ ions 
transport in three-dimensional 8a–16c–8a pathways in this spinel structure during 
charge–discharge processes [158]. Li+ ions have to migrate through the oxygen planes 
located between tetrahedral 8a sites and octahedral 16c sites, which is the Li+ ion 
transportation bottleneck. In this oxygen closed packed structure, the increased lattice 
parameter implies an increase in the distance between the nearest neighboring O2– ions, 
which can lead to the enhancement of Li+ ion diffusion coefficient of the active material 
in the cell. Although the presence of Ti4+ ions in 8a sites blocks the 8a–16c–8a Li+ ion 
transportation pathways, the Cu2+ doping expands these pathways, hence enhancing 
entire Li+ ion diffusion coefficient. 
Table 4.2 Impedance parameters of the Li4–2xCu3xTi5–xO12 (x=0, 0.05, 0.1 and 0.15) 
electrodes. 
4.3.4 Electronic conductivity 
Fig. 4.6 illustrates large enhancement in electronic conductivity by Cu2+ doping. The 
electronic conductivity of the pristine LTO is as low as <1×10–9 S cm–1 that could not 
even be determined within the resolution of the Solartron Analytical 1470E CellTest 
System. The electronic conductivity increases with x, reaching a large value of 6.6×10–8 S 
cm–1 (x=0.15), which is larger than those of Ni2+, Ga3+, Al3+, Co3+, and Ta5+ doped,  and 
Mg2+ and Al3+ co-doped LTO with similar doping levels as listed in Table 4.3 [35,151]. It 












Li4Ti5O12 3.23  89.3  10.9  5.74×10
–15
 
Li3.9Cu0.15Ti4.95O12 2.32  59.4  6.05  2.81×10
–14 
 
Li3.8Cu0.3Ti4.9O12 3.90  48.5  5.13  3.45×10
–14
 





can be concluded that 3d transition metal ion Cu2+ doping can greatly enhance the 
electronic conductivity. Previous studies show that electronic conductivity in spinel 
compounds containing transition metal ions is determined by localized d electrons of 
transition metal ions hopping among the octahedral 16d cations [159–162]. The 
electronic conductivity of the pristine LTO is very low due to its empty Ti4+ (t2g0 eg0) 3d 
orbitals. In contrast, Cu2+ ions (t2g6 eg2) in 16d sites can supply electrons in the doped 
LTO. Therefore, the electronic conductivity of LTO is greatly enhanced by Cu2+ doping. 
 
Fig. 4.6 Variations in Li
+
 ion diffusion coefficient and electronic conductivity as a 























Fig. 4.7 Second discharge–charge profiles of 
Li4–2xCu3xTi5–xO12 samples with (a) x=0, (b) 
x=0.05, (c) x=0.1 and (d) x=0.15 at 0.5 C, 1 
C, 2 C, 5 C and 10 C (identical discharge–





























































































































































































































































































































































































































4.3.5 Charge–discharge performance at 0.5 C 
Fig. 4.7 presents the second galvanostatic discharge–charge curves of the prepared Li4–
2xCu3xTi5–xO12 (x=0, 0.05, 0.1 and 0.15) materials at different rates from 0.5 to 10 C 
between 1.0 and 2.5 V (vs. Li/Li+) potential limits. At 0.5 C, all the samples show a flat 
discharge plateau of about 1.56 V (vs. Li/Li+) and a flat charge plateau at approximately 
1.60 V (vs. Li/Li+), which correspond to the reversible two-phase reaction based on 
Ti3+/Ti4+ redox couple [26]. No other charge/discharge plateaus are observed, indicating 
that Cu+/Cu2+ redox reaction did not take place. The specific capacity decreases with x. At 
such a low rate of 0.5 C, electrons and Li+ ions have adequate time respectively to 
conduct and to diffuse. As a result, a large accessible capacity of Li4–2xCu3xTi5–xO12 (x=0, 
0.05, 0.1 and 0.15) can be achieved, which can be determined by their theoretical 
capacity. In the Cu2+ doped LTO, every two Li+ ions and every one Ti4+ ion are replaced 
by three Cu2+ ions. Obviously, when x increases, the molecular weight increases, thus the 
theoretical capacity decreases. Therefore, the pristine LTO has the largest capacity of 164 
mAh g–1, while Li3.7Cu0.45Ti4.85O12 has 138 mAh g
–1. With increasing rate, the discharge 
plateau for the pristine LTO becomes shorter and inconspicuous at the rate above 5 C, 
while that of the Cu2+ doped LTO remains flat even at a high rate of 10 C. 
4.3.6 Rate performance 
Rate performances of the four samples are compared in a range of rate from 0.5 C to 10 C 
as shown in Fig. 4.8. At low rates below 1 C, the variation of capacity for the samples is 
relatively small. As discussed in Section 4.3.5, Li+ and electrons have adequate time 
respectively to diffuse and to conduct at low rates, which minimize the capacity 
difference at this range of rate. Although the pristine LTO displays the largest capacity in 
all the four samples at 0.5 C, its capacity quickly decreases with increasing rate. It is 143 
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mAh g–1 at 1 C, 105 mAh g–1 at 2 C; 33mAh g–1 at 5 C; and at 10 C, its remaining 
capacity is only 11 mAh g–1. In contrast, as shown in Fig. 4.8, in spite of their relatively 
lower capacities at 0.5 C, the Cu2+ doped samples exhibit much less capacity degradation 
than the pristine counterpart when the rate increases. For example, at 2 C, the capacities 
of Li3.9Cu0.15Ti4.95O12, Li3.8Cu0.3Ti4.9O12 and Li3.7Cu0.45Ti4.85O12 are 142, 134 and 121 mAh 
g–1 respectively; at 5 C, they are 112, 111 and 90 mAh g–1; and at 10 C, they are 72, 78 
and 56 mAh g–1. Obviously, the rate performance is notably superior to that of the Ni2+ 
doped LTO reported in Chapter 3. At 10 C, the capacity of Li3.8Cu0.3Ti4.9O12 is 6 times 
larger than that of pristine material, while that of Li3.9Ni0.15Ti4.95O12 is only 1.2 times 
larger at 5 C. 
 
Fig. 4.8 Rate performances of Li4–2xCu3xTi5–xO12 (x=0, 0.05, 0.1 and 0.15) samples at 
different rates: 1
st–10th cycles at 0.5 C, 11th–20th at 1 C, 21th–30th at 2 C, 31th–40th at 5 C 
and 41
th–50th at 10 C (identical discharge–charge rates were used). 
These results indicate that Cu2+ doping can obviously enhance the rate performance of 
LTO although it impairs its capacity at low rates. In this study, since all the four samples 
have similar specific surface areas and morphologies, their rate performance can be 
determined by their electronic conductivity and Li+ ion diffusion coefficient. The 
enhancements of electronic conductivity and Li+ ion diffusion coefficient in the Cu2+ 
doped materials can facilitate the electrochemical reaction in the anodes, resulting in 
good rate performances. It is worth noting that, among the three Cu2+ doped samples, 
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Li3.8Cu0.3Ti4.9O12 has the best rate performance. This result could be ascribed to its best 
combination of electronic conductivity and Li+ ion diffusion coefficient. It is also in good 
agreement with the EIS results showing the smallest Rct value for Li3.8Cu0.3Ti4.9O12. 
               
  
Fig. 4.9 (a) FESEM image, (b) second discharge–charge profiles and (c) rate 
performances of the LTO, Li3.8Cu0.3Ti4.9O12 and Li3.8Cu0.3Ti4.9O12/CNTs composite 
sample; and (d) cyclability and coulombic efficiency of the Li3.8Cu0.3Ti4.9O12/CNTs 
composite sample at 10 C (identical discharge–charge rates were used). 
4.3.7 Electrochemical performances of Li3.8Cu0.3Ti4.9O12/CNTs 
Cu2+ doping shows effective influence on rate performance due to increase in intrinsic 
conductivity whereas it does not affect extrinsic conductivity. To further improve the rate 
performance of the Cu2+ doped LTO, Li3.8Cu0.3Ti4.9O12 electronically enhanced with CNTs 
was prepared by simple mixing with CNTs. FESEM image (Fig. 4.9a) shows that CNTs 
are effectively distributed among Li3.8Cu0.3Ti4.9O12 particles. Fig. 4.9b displays the second 
charge–discharge curves of the composite at the rate range from 0.5 C to 10 C. Its rate 
performance and cyclability are shown in Fig. 4.9c. The composite delivers large 
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capacities of 155, 152, 147, 132 and 114 mAh g–1 at 0.5, 1, 2, 5 and 10 C, respectively. 
These values are higher than those of the Li3.8Cu0.3Ti4.9O12 sample at all the rates. In 
particular, its rate performance is remarkably improved due to the introduction of CNTs. 
At 10 C, its capacity is 46% larger than that of Li3.8Cu0.3Ti4.9O12 and 936% larger than 
that of the pristine LTO. After 100 cycles, there still remains a capacity of 112 mAh g–1 
with only 1.8% capacity loss.  
The results suggest that the Li3.8Cu0.3Ti4.9O12/CNTs composite as anode material for LIBs 
displays a greatly improved electrochemical performance with high reversible capacity, 
Coulombic efficiency, rate performance and cyclability. These improvements can be 
mainly attributed to the complementary effects of Cu2+ doping and CNTs compositing. As 
discussed in Section 4.1, during discharge and charge processes, Li+ ions and electrons 
simultaneously conduct in the active material particles, and meanwhile electrons need to 
transfer between the particles. Therefore, the electrochemical performance of the 
electrode material is related to electronic conductivity and Li+ ion diffusion coefficient of 
LTO particles as well as electrical conduction between LTO particles. It is the 
simultaneous improvements of all the three factors that can significantly enhance the 
electrochemical performance. Firstly, Cu2+ doping enlarges the distance between the 
nearest neighboring O2– ions in the spinel structure, leading to the improved Li+ ion 
diffusion coefficient in the particles although some blockages of Ti4+ ions in 8a–16c–8a 
Li+ ion transportation pathways appears. As shown in Fig. 4.6, Li3.8Cu0.3Ti4.9O12 has the 
largest Li+ ion diffusion coefficient of 3.45×10–14 cm2 s–1 among all the four samples. 
Secondly, Cu2+ doping brings 3d electrons into the crystalline structure and thus 
remarkably increases the electronic conductivity of the particles. Li3.8Cu0.3Ti4.9O12 shows 
a high electronic conductivity of 3.6×10–8 S cm–1, which is larger than those of the other 
alien ion doped LTO with similar doping levels listed in Table 4.3 [35,151]. Last but not 
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least, CNTs can serve as efficient electrical conductive networks and thus notably 
enhances the electrical conduction between the particles. Based on the analysis above, it 
can be concluded that the complementary effects of  Cu2+ doping and CNTs compositing 
contributes to the good electrochemical performances of Li3.8Cu0.3Ti4.9O12/CNTs 
composite in terms of largely enhanced reversible capacity, rate performance and 
cyclability. This complementary strategy of doping and incorporating a second 
conductive phase can be extended to the electrochemical improvement of other battery 
materials, such as LiFePO4 and LiNi0.5Mn1.5O4. 
4.4 Conclusions 
Cu2+ doped LTO powders and its composite with CNTs have been prepared through facile 
methods. All Cu2+ doped materials possess a spinel structure with a 𝐹𝑑3̅𝑚 space group 
without any impurities. By increasing the amount of Cu2+ dopants, the lattice parameter is 
observed to increase, while more Ti4+ ions substitute Li+ ions in 8a sites and thus more 
severely block 8a–16c–8a Li+ ion transportation pathways. Increase in the lattice 
parameter leads to the enhancement of Li+ ion diffusion coefficient, while the blockage of 
Ti4+ ions in 8a–16c–8a Li+ ion transportation pathways reduces it. The former effect may 
carry more weight than the latter one, resulting in an overall larger Li+ ion diffusion 
coefficient in the Cu2+ doped samples. The electrons in 3d orbitals of Cu2+ ions contribute 
to the increased electronic conductivity. As a result of the enhanced conductivity in the 
particles, the Cu2+ doped samples have good rate performances, of which 
Li3.8Cu0.3Ti4.9O12 is the best probably due to its best combination of Li
+ ion diffusion 
coefficient and electronic conductivity. CNTs in the Li3.8Cu0.3Ti4.9O12/CNTs composite 
improve the electrical conduction between the Li3.8Cu0.3Ti4.9O12 particles, further 
enhancing its electrochemical performance.  At 10 C, it has a large capacity of 114 mAh 
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g–1, which is more than nine times larger than that of the pristine value. After 100 cycles 
at 10 C, it still retains a capacity of 112 mAh g–1. Therefore, this Li3.8Cu0.3Ti4.9O12/CNTs 
composite may find its promising applications in EVs/HEVs due to the high rate 




Chapter 5. Li4Ti5O12-based anode materials with 
low working potential, high rate performance and 
high cyclability: complementary effects of doping, 
compositing and nanostructuring 
Doping, compositing and nanostructuring (reducing particle size) are three strategies for 
improving the rate performance of Li4Ti5O12 (LTO). The complementary employment of 
these three strategies is expected to efficiently improve the rate performance. To achieve 
this goal, Fe2+ doped LTO/carbon nanotubes (CNTs) composites were prepared by post 
mixing CNTs with Fe2+ doped LTO particles that were synthesized through a solid-state 
reaction, whereas Cr3+ doped LTO/CNTs composites were also fabricated by a facile one-
step solid-reaction reaction using CNTs premixing. Electrochemical studies showed that 
Fe2+/Cr3+ doping not only remarkably improved the electronic conductivity and Li+ ion 
diffusion coefficient in LTO but also slightly lowered its working potential. The carbon 
present in the material fabrication processes leads to the reduction in particle size. The 
introduction of CNTs in the Fe2+/Cr3+ doped LTO/CNTs composite significantly enhanced 
the electrical conduction between Fe2+/Cr3+ doped LTO particles. As a result of this 
synergistic strategy, performances of Li3.8Fe0.3Ti4.9O12/CNTs and LiCrTiO4/CNTs 
composites were comprehensively improved. Li3.8Fe0.3Ti4.9O12/CNTs composite showed a 
working potential 8.9 mV lower than that of the pristine LTO. At 10 C, its capacity is up 
to 106 mAh g–1 with unexpected capacity retention of 117% after 200 cycles in a 
potential window of 1.0–2.5 V (vs. Li/Li+). The corresponding values for LiCrTiO4/CNTs 
composite are 46.2 mV, 120 mAh g–1 and 95.9%. In sharp contrast, the pristine 
counterpart showed only 11 mAh g–1 at 10 C. Therefore, the Li3.8Fe0.3Ti4.9O12/CNTs and 
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LiCrTiO4/CNTs composites may possess great potential for applications in high-power 
lithium-ion batteries. 
5.1 Introduction 
As shown in Section 1.4, LTO suffers from its poor conductivity and overly high working 
potential, which limit its application for high-power LIBs since power density is basically 
defined as the product of operation current density and working potential. It is known that 
most types of electrolytes are reduced below a potential of about 1.0 V (vs. Li/Li+) 
[29,30]. Obviously, the working potential of around 1.55 V (vs. Li/Li+) is excessively 
high. Thus, a working potential of lower than 1.55 V (vs. Li/Li+) but higher than 1.0 V 
(vs. Li/Li+) is highly desirable for LTO. 
During the discharge–charge process, Li+ ions and electrons simultaneously conduct in 
active material particles, as illustrated in Fig. 5.1. Obviously, the whole process can 
follow an extended Cannikin Law, in which the heights of wooden planks represent the 
values of i) electronic conductivity and ii) Li+ ion diffusion coefficient of the particles as 
well as iii) electrical conduction between the particles and between the particles and 
current collector while the diameter of the cannikin is inversely proportional to iv) the 
particle size. Thus, single improvement in anyone of the first three factors cannot 
significantly benefit the conduction. Only their simultaneous increases and the reduction 
of the particle size can effectively enhance the conduction and thus the rate performance 
of LTO. Unfortunately, the very low electronic conductivity (<1×10–13 S cm–1) and 
sluggish Li+ ion diffusion coefficient (~10–15 cm2 s–1) of LTO result in the poor rate 
performance [17–19]. Results show that the rate performance of LTO can be improved by 
doping alien ions, compositing with a conductive phase and/or reducing particle size. 
Doping with alien ions can effectively modify the electronic conductivity and/or Li+ ion 
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diffusion coefficient in LTO particles. However, this strategy cannot increase the 
electrical conduction between LTO particles as well as between the particles and current 
collector. Comparatively, compositing with a second conductive phase is capable of 
enhancing the electrical conduction between LTO particles although it cannot alter the 
intrinsic conductivity of LTO. Reducing particle size can also enhance the rate 
performance. In this strategy, the intrinsic and extrinsic conductivities are essentially not 
changed. The enhancement is due to the reduced particle size which can shorten the 
distance of electron conduction and Li+ ion transportation within the particles. Based on 
the above analysis, it is clear that none of the three strategies can simultaneously improve 
the intrinsic and extrinsic conductivities of LTO and reduce the particle size. New 
strategies are urgently needed to efficiently improve the rate performance of LTO. 
 
Fig. 5.1 Conductions of Li
+
 ions and electrons during lithiation and delithiation processes, 
and the extended Cannikin Law. 
Compared to the improvements in the rate performance, very limited success has been 
achieved in lowering the working potential so far. Only Cr3+ doping has been reported to 
lower the discharge plateau. LiCrTiO4 has a discharge plateau of 1.50 V, which is 50 mV 
lower than that of LTO [14]. Hence, new methods to lower the discharge plateau and 
working potential are also demanded. 
In order to enhance the rate performance and lower the working potential of, a 
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complementary strategy consisted of doping, compositing and nanostructuring is 
proposed. Firstly, Fe2+ and Cr3+ dopings are employed. Up to now, the doping of Fe2+ in 
the form of Li4–2xFe3xTi5–xO12 has not been reported. In comparison with tetrahedral sites, 
Fe2+ ion prefers to occupy octahedral sites since it has a large octahedral site preference 
energy (OSPE) of 16.75 kJ mol–1 [156], inferring that Fe2+ ion adopts the high spin 
electronic configuration of t2g4 eg2 in 16d sites of this spinel oxide [157]. The unpaired 3d 
electrons in Fe2+ ions can improve the electronic conductivity in the spinel particles. 
Moreover, in octahedral sites, the size of high-spin Fe2+ ion (0.78 Å)  is much larger than 
Ti4+ ion (0.605 Å) [168]. This fact suggests that Fe2+ doped LTO can lead a larger lattice 
parameter, which can result in an enhanced Li+ ion diffusion coefficient. On the other 
hand, although LiCrTiO4 has been studied in previous reports [14], the influences of the 
dopant content on the electrochemical properties of Cr3+ doped LTO materials is still not 
fully understood. Thus, it is also highly necessary to systematically investigate them. 
Similar to Fe2+ ion, the unpaired 3d electrons in Cr3+ ion (t2g3 eg0) can enhance the 
electronic conductivity. In spite of its small size (0.615 Å), which may reduce the lattice 
parameter, the anomalous decrease in structural disorder in Cr3+ doped LTO can also lead 
to improvement in Li+ ion diffusion coefficient [170]. In addition, Fe2+/Cr3+ doping can 
tailor the structural arrangement (available sites, neighbouring atoms, and ionocovalent 
bonds) on the energy of the Ti3+/Ti4+ redox couple, thus may modify the working 
potential of LTO [26]. Based on the considerations mentioned above, Fe2+ and Cr3+ ions 
are expected to be promising dopants for LTO to improve the power density of LIBs. 
Secondly, ferrous oxalate is employed as the Fe2+ source. The carbon produced due to the 
carbonization of oxalate ions in the calcination process can hinder the particle growth and 
thus result in smaller particle size. Similarly, premixed carbon materials also can 
significantly limit the particle growth during calcination of LTO. Finally, multiwall 
carbon nanotubes (CNTs) with good conductivity are selected as the conductive phase to 
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improve the electrical conduction between the particles. 
To implement this design, Fe2+ doped LTO/CNTs composites are fabricated via simple 
mixing of CNTs and Fe2+ doped LTO materials from a solid-state reaction method, while 
Cr3+ doped LTO/CNTs composites are prepared by a facile one-step solid-reaction 
reaction, in which CNTs are evenly premixed with other precursors. The crystal 
structures, electronic conductivity and Li+ ion diffusion coefficients of LTO particles, 
electrical conduction between the particles as well as between the particles and current 
collector, particle sizes and electrochemical performances are investigated. The 
complementary effects of Fe2+/Cr3+ doping, CNTs compositing and reduced particle size 
on the electrochemical properties of LTO are systematically studied. 
5.2 Experimental 
5.2.1 Material preparations 
Fe2+ and Cr3+ dopings follow Eq. 5.1 and Eq. 5.2, respectively. 




Ti 2Fe Fe=Fe3                                                 (5.1)  




Ti Cr 2Cr=Cr3                                                  (5.2) 
The preparation processes of the samples are illustrated in Fig. 5.2. As can be seen in 
Route A, Li4–2xFe3xTi5–xO12 (0≤x≤0.15) powders were synthesized by a solid-state reaction 
with precursors of Li2CO3 (Merck, 99.99%), TiO2 (Sigma–Aldrich, 99.9%) and 
FeC2O4·2H2O (Sigma–Aldrich, 99%). The chemicals were first mixed at a predetermined 
molar ratio of Li:Fe:Ti = 1.03(4–2x):3x:(5–x) and ball-milled for 0.5 h by a Spex ball-
milling machine. The resultant mixtures were calcined at 800 ℃ for 4 h in a tube furnace 
in argon atmosphere. In all cases, 3 mol% excess of Li2CO3 was used to compensate for 
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the loss of a small amount of Li2O at high temperature. To prepare Li4–2xFe3xTi5–
xO12/CNTs composites composites, 1 g Li4–2xFe3xTi5–xO12 powders, 0.1 g CNTs (Shenzhen 
Nanotech Port Co. Ltd., main range of diameter: 10–20 nm, length: 5–15 µm) and 30 ml 
ethanol were taken into a beaker and stirred for 10 min. The resultant suspension was 
sonicated at 130 W for 20 min in an ultrasonic sonicator (VCX 130, Sonics & Materials, 
Inc., USA) and finally dried at 80 ℃. 
 
Fig. 5.2 Schematic preparation processes for the LTO materials shown in Chapter 5. 
Li4–xCr3xTi5–2xO12 (0≤x≤1) powders were fabricated by a similar route to the Li4–2xFe3xTi5–
xO12 (0≤x≤0.15) powders, as shown in the first step of Route B. The only difference is 
that Li2CO3, TiO2 and Cr2O3 (Alfa Asear, 99%) were respectively used as lithium, 
titanium and chromium precursors. Such process was also applied to the preparation of 
Li4–xCr3xTi5–2xO12/CNTs composites, except that CNTs were premixed with the precursors 
(Route C). However, Route C could not be applied to the preparation of Li4–2xFe3xTi5–
xO12/CNTs composites because CNTs can reduce the Fe




As a comparison, another type of Li4–xCr3xTi5–2xO12/CNTs composite was fabricated by 
post mixing CNT with Li4–xCr3xTi5–2xO12 powders (Route B), and these composites were 
labeled as Li4–xCr3xTi5–2xO12/CNTs-post composites. 
5.2.2 Material characterizations 
Crystal structure identification, particle morphology observation, specific surface area 
and pore size measurement, and electronic conductivity measurement have been 
described in Sections 2.4, 2.6, 2.7 and 2.10, respectively.  
5.2.3 Electrochemical tests 
LIB assembly process, discharge-charge measurement, working potential measurement, 
rate performance test and cyclability test have been shown in Sections 2.3, 2.13, 2.14, 
2.15 and 2.16, respectively. To determine Li+ ion diffusion coefficient, electrochemical 
impedance spectroscope (EIS) measurements were carried out, as shown in Sections 2.10 
and 2.11. 
5.3 Results and discussion 
5.3.1 Crystal structure analysis  
X-ray diffraction patterns of Li4–2xFe3xTi5–xO12 (x=0, 0.05, 0.1 and 0.15) are plotted in Fig. 
5.3a. Sharp diffraction peaks can be observed for the four samples, suggesting the 
formation of well crystallized products. All the peaks can be identified to a face-centered 
cubic spinel structure with a 𝐹𝑑3̅𝑚  space group (JCPDS card No. 26-1198). No 
impurities, such as TiO2 or FeO, were detected, indicating that the precursor of Li–Fe–Ti–
O can form a homogeneous solid solution in the calcination process when x≤0.15, 
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producing a new phase of Li4–2xFe3xTi5–xO12. However, when x is higher than 0.25, 
Li3.5Fe0.75Ti4.75O12 shows a P4332 space group (Fig. 5.3b).  It is known that this space 
group is not desirable for LIBs because it has much lower Li+ ion conductivity [27] and 
electronic conductivity [28] compared with the 𝐹𝑑3̅𝑚 space group. Consequently, only 
lightly Fe2+ doped LTO materials were investigated in this study. In contrast, Li4–
xCr3xTi5–2xO12 materials with both light doping (x=0.05, 0.1 and 0.15) and heavy doping 
(x=0.33, 0.67 and 1) show high crystallinities and no impurities, as revealed in Fig. 5.3c. 
 
Fig. 5.3 XRD spectra of (a) Li4–2xFe3xTi5–xO12 (0≤x≤0.15), (b) Li4–2xFe3xTi5–xO12 (x=0.25) 
and (c) Li4–xCr3xTi5–2xO12 (0≤x≤1). 
In order to gain a deeper understanding on the structures, Fig. 5.4 shows Rietveld 
refinements of XRD of Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and Li4–xCr3xTi5–2xO12 (0≤x≤1) with  
the observed, calculated, and error patterns , and the refinement results are tabulated in 
Table 5.1. In the refinements, the site occupancies are assumed to fulfill the 
stoichiometric composition of Li4–2xFe3xTi5–xO12/Li4–xCr3xTi5–2xO12. The site occupancy of 
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oxygen atoms is fixed to be unity. The distribution of ions in the spinel structure is fixed 
as follows: 32e sites are occupied by O2– ions; Li+ and Ti4+ ions reside at both 8a and 16d 
sites while Fe2+/Cr3+ ions only stay at 16d sites. Because Fe2+/Cr3+ ion and Ti4+ ion have 
very close X-ray scattering factors, it is impossible to distinguish the positions of the two 
kinds of ions from X-ray diffraction. Since Fe2+/Cr3+ ion has much  larger OSPE (16.75 
kJ mol–1/157.42 kJ mol–1) than Ti4+ ion (0 kJ mol–1) [156], Fe2+/Cr3+ ion has higher 
tendency to occupy 16d sites than Ti4+ ion. It is therefore reasonable to assume that 
Fe2+/Cr3+ ions only reside at 16d sites, while Ti4+ ions are distributed in both 8a and 16d 
sites. The refinements can then be carried out. 
68 
 
   
Fig. 5.4 Final observed, calculated, and error profiles with Rietveld refinements for Li4–
2xFe3xTi5–xO12 with (a) x=0, (b) x=0.05, (c) x=0.1 and (d) x=0.15 as well as Li4–xCr3xTi5–


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 5.5a through Fig. 5.5c show the variations of lattice parameter a, occupancy of Ti4+ 
ion in 8a sites f and fractional coefficient of O2– ion z as a function of composition x, 
respectively. As can be seen, for Li4–2xFe3xTi5–xO12 (0≤x≤0.15), the first two factors 
monotonically increase with x. The pristine LTO has a lattice parameter of 8.3611 Å, in 
good agreement with that in previous reports [11,35,42]. The lattice parameter increases 
by 0.16% to 8.3746 Å when x is increased to 0.15. The increase can be due to the ion–
size effect. For [Li2.470Ti0.530]8a[Li1.230Fe0.45Ti4.320]16d[O12]32e (x=0.15), in comparison with 
the pristine LTO, in 8a sites, roughly 18% of Li+ ions (0.59 Å) are substituted by Ti4+ ions 
(0.42 Å), which should result in a smaller lattice parameter. Conversely in 16d sites, Fe2+ 
ions (0.78 Å) and Li+ ions (0.76 Å) replace 14% of Ti4+ ions (0.605 Å), greatly 
contributing to the increase in lattice parameter. Because 0.53×(0.42–0.59)+0.45×(0.78–
0.605)+0.23×(0.76–0.605)=0.0243>0, the latter effect overwhelms the former one, 
leading to an overall increased lattice parameter. With Fe2+ ions staying at 16d sites, a 
larger amount of Ti4+ ions than Fe2+ ions are pushed into 8a sites to stabilize the structure. 
This finding can be interpreted by the fact that Fe2+ ion with a positive OSPE value 
prefers 16d sites, while Ti4+ ion with a zero OSPE value has equal tendency to stay at 
either 8a or 16d sites. Comparatively, Li4–xCr3xTi5–2xO12 (0≤x≤1) materials exhibit smaller 
lattice parameters compared with the pristine LTO due to the smaller size of Cr3+ ion 
(0.615 Å). The lattice parameter of LiCrTiO4 is 8.3270 Å, 0.41% smaller than the pristine 
value. In addition, the occupancies of Ti4+ ion in 8a sites in Cr3+ doped samples are much 
smaller than those in Fe2+ doped samples. For instance, at the same doping level of 
x=0.15, Li3.85Cr0.45Ti4.7O12 shows an f value of 0.013, which is only 7.3% of the 
corresponding value for Li3.7Fe0.45Ti4.85O12 (0.177). This result suggests that the Cr
3+ 
doped samples have remarkably milder blockages of three-dimensional 8a–16c–8a Li+ 





Fig. 5.5 (a) lattice parameter a, (b) occupancy of Ti4+ ion in 8a sites f and (c) fractional 
coefficient of O
2–
 ion z vs. composition x in Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and Li4–
xCr3xTi5–2xO12 (0≤x≤1). Error bar represents one standard deviation of uncertainty. 
It is worth noting that O2– ion fractional coefficients monotonously decrease with the 
dopant content for both the Fe2+ and Cr3+ dopings (Fig. 5.5c). These decreases indicate 
that the crystal structures of the doped samples approach the ideal spinel structure with 
the  𝐹𝑑3̅𝑚 space group, in which the z value is 0.25. As a result, the relaxations of the 
original distorted crystal structure and then the decrease of the structure disorder have 
been achieved. This finding is in sharp contrast to the common observation that alien-ion 
doping increases the structure disorder by disturbing the well-ordered lattices of the 
pristine material [170]. 
5.3.2 Particle morphology and size 
The morphologies and particle sizes of Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and Li4–xCr3xTi5–
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2xO12 (0≤x≤1) are shown in Fig. 5.6a through Fig. 5.6d. The Fe
2+ doped samples reveal 
smaller particle sizes than that of the pristine material. The reduction in particle size is 
further supported by specific surface area tests. The BET specific surface areas of LTO, 
Li3.9Fe0.15Ti4.95O12, Li3.8Fe0.3Ti4.9O12 and Li3.7Fe0.45Ti4.85O12 are 3.6, 4.4, 4.0 and 4.3 m
2 g–1, 
respectively. Comparatively, larger particle sizes can be observed in the Cr3+ doped 
samples (Fig. 5.6e through Fig. 5.6j), and their BET specific surface areas are 
respectively decreased to 2.6, 2.4, 2.0, 1.9, 1.9 and 2.5 m2 g–1 for x=0.05, 0.1, 0.15, 0.33, 
0.67 and 1. It is well known that carbon in a material synthesis process can effectively 
hinder the particle growth and thus reduce the particle size [62]. There, the reduction in 
particle size in the Fe2+ doped samples can be due to the tiny carbon produced from the 
carbonization of oxalate ions. The reduced particle size can shorten the distance of 
electron conduction and Li+ ion transportation within the particles, and thus can enhance 
the rate performance of the cells. 
5.3.1 Li+ ion diffusion coefficient 
Fig. 5.7a and Fig. 5.7b show the Nyquist plots which were fitted with the aid of an 
equivalent circuit, given in the insert of Fig. 5.7a (i.e., Fig. 2.1b). The explanation of the 
circuit is shown in Section 2.10. The parameters of the equivalent circuit for all the 
samples are recorded in Table 5.2. According to Table 5.2, the RΩ values of different 
samples are smaller than 4 Ω. The differences of these RΩ values among all the samples 
may be interpreted in terms of simulated errors. In contrast, the Rct values largely vary 
with different samples, confirming the reduced charge transfer resistance after the 
Fe2+/Cr3+ doping. This fact indicates that the conductivity of LTO is improved by the 
Fe2+/Cr3+ doping. Among all the Fe2+/Cr3+ doped samples, Li3.8Fe0.3Ti4.9O12/LiCrTiO4 








Fig. 5.6 FESEM images of as-prepared Li4–2xFe3xTi5–xO12 with (a) x=0, (b) x=0.05, (c) x=0.1 and (d) 
x=0.15 as well as Li4–xCr3xTi5–2xO12 with (e) x=0.05, (f) x=0.1, (g) x=0.15, (h) x=0.33, (i) x=0.67 




Fig. 5.7 Nyquist plots for impedance response of (a) Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and (b) 
Li4–xCr3xTi5–2xO12 (0≤x≤1) samples; the inset of (a) shows the selected equivalent circuit 
to fit the plots. Relationship between real impedance and low frequency for (c) Li4–










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Li+ ion diffusion coefficient D can be calculated from EIS according to Equations 2.3 and 
2.4. The 𝑍′– 5.0W plots are illustrated in Fig. 5.7c and Fig. 5.7d, and the variations of 
Li+ ion diffusion coefficient D to composition x are shown in Fig. 5.8 and Table 5.2. It is 
observed that the Li+ ion diffusion coefficient increases due to the Fe2+/Cr3+ doping. The 
improved D values may be ascribed to the crystalline characteristics of the Fe2+/Cr3+ 
doped LTO powders. It has been reported that Li+ ions transport in three-dimensional 8a–
16c–8a pathways in this spinel structure with the 𝐹𝑑3̅𝑚 space group during lithiation and 
delithiation processes [158]. Li+ ions have to pass through the O2– ion planes located 
between 16c sites and 8a sites, which form the Li+ ion transportation bottlenecks. 
Therefore, the Li+ ion diffusion coefficient in this study is determined by the distance 
between the nearest neighbouring O2– ions, degree of the structural disorder and 
occupancy of Ti4+ ions in 8a sites. 
 
Fig. 5.8 Variations in Li
+
 ion diffusion coefficient and electronic conductivity as a 
function of composition x Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and Li4–xCr3xTi5–2xO12 (0≤x≤1). 
For the Fe2+ doped LTO, as illustrated in Fig. 5.5a, with increasing x, the lattice parameter 
increases, inferring an increase in distance between the nearest neighbouring O2– ions. 
This increase together with the improved structural order (Fig. 5.5c) can facilitate the 
diffusion of Li+ ions in the active material. Although the blockage of 8a–16c–8a Li+ ion 
transportation pathways by Ti4+ ions in 8a sites becomes severe (Fig. 5.5b), the first two 
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effects may carry more weight than the last one, resulting in the overall enhanced Li+ ion 
diffusion coefficient. On the other hand, in the Cr3+ doped LTO, the improved structural 
order may play the dominant role in the entire Li+ ion diffusion coefficient. Thus, its 
overall increase in Li+ ion diffusion coefficient was also achieved. 
5.3.2 Electronic conductivity 
Fig. 5.8 also shows that Fe2+/Cr3+ doping dramatically improves the electronic 
conductivity. The electronic conductivity of the pristine LTO cannot be accurately 
determined since it is too low to be accurately measured using the Solartron Analytical 
1470E CellTest System. Since the system has a current limit of 1 nA, it can be deduced 
that the electronic conductivity is below 1×10–9 S cm–1. Through Fe2+/Cr3+ modification, 
the electronic conductivities are enhanced by at least one order of magnitude. The 
electronic conductivity monotonically increases with the amount of dopants, reaching 
large values up to 1.7×10–7 S cm–1 in Li3.7Fe0.45Ti4.85O12 and 1.2×10
–7 S cm–1 in LiCrTiO4. 
These values are remarkably higher than those of Ni2+, Cu2+, Co3+, Al3+, Ta5+, and Ga3+, as 
well as Mg2+ and Al3+ co-doped LTO materials, as manifested in Table 5.3 [35,151]. The 
enhancements can be rooted in the Fe2+/Cr3+ doping. It is known that electronic 
conduction in spinel oxides containing transition metal ions proceeds by the hopping of 
localized d electrons between octahedral cations [159–162]. Clearly, the empty Ti4+ (t2g0 
eg0) 3d orbitals in the pristine LTO result in its very disappointing electronic conductivity. 
In contrast, Fe2+ (t2g4 eg2)/Cr
3+ (t2g3 eg0) ions in 16d sites supply 3d electrons in the spinel 
oxide, greatly contributing to the enhanced electronic conductivity. This result combined 
with the EIS analysis provides clear evidence that the Fe2+/Cr3+ doped LTO indeed 























Fig. 5.9 Second discharge–charge profiles of 
Li4–2xFe3xTi5–xO12 (0≤x≤0.15) samples and 
Li4–xCr3xTi5–2xO12 (0≤x≤1) samples at 0.5 C, 
1 C, 2 C, 5 C and 10 C (identical discharge–








































































































































































































































































































































































5.3.3 Charge/discharge performance at 0.5 C 
Fig. 5.9 compares the second charge and discharge profiles of Li4–2xFe3xTi5–xO12 
(0≤x≤0.15)/Li cells and Li4–xCr3xTi5–2xO12 (0≤x≤1)/Li cells in a potential window of 1.0–
2.5 V (vs. Li/Li+) at various C rates. At 0.5 C, each sample displays an extremely flat 
discharge plateau at about 1.5 V (vs. Li/Li+) and a charge plateau at about 1.6 V (vs. 
Li/Li+), which can be ascribed to the two-phase reaction between Li4Ti5O12 and Li7Ti5O12 
[26]. In comparison with the curves of the pristine LTO, no other plateaus in the curves of 
the doped samples can be observed. The second capacities of the Li4–2xFe3xTi5–xO12 (x=0, 
0.05, 0.1 and 0.15)/Li cells at 0.5 C respectively reach 166, 161, 152 and 149 mAh g–1, 
while those for the Li4–xCr3xTi5–2xO12 (x=0.05, 0.1, 0.15, 0.33, 0.67 and 1)/Li cells are 158, 
154, 147, 145, 141 and 138 mAh g–1. Obviously, with increasing the content of the 
Fe2+/Cr3+ ions, the capacity at 0.5 C is gradually lowered. For Li4–2xFe3xTi5–xO12, 
compared with the pristine LTO, every one Ti4+ ion and every two Li+ ions are substituted 
by three Fe2+ ions (Eq. 5.1). Similarly, according to Eq. 5.2, every two Ti4+ ions and every 
one Li+ ions are replaced by three Cr3+ ions in Li4–xCr3xTi5–2xO12. Consequently, as the 
content of Fe2+/Cr3+ dopants increases, the molecular weight of the doped LTO increases 
and thus its theoretical capacity decreases. At such low rate of 0.5 C, Li+ ions and 
electrons have adequate time to diffuse and to conduct, respectively. As a result, the 
maximum accessible capacity determined by the theoretical capacity can be obtained. 
Therefore, the pristine LTO has the largest capacity of 166 mAh g–1, close to its 
theoretical capacity (175 mAh g–1). 
5.3.4 Redox reaction analysis 
To elucidate the differences in the redox reactions, the galvanostatic curves of the Li4–
2xFe3xTi5–xO12 (0≤x≤0.15) and Li4–xCr3xTi5–2xO12 (0≤x≤1) samples are used to plot 
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differential capacities (dQ/dE) at 0.1 C in a potential range of 1.475–1.625 V, as shown in 
Fig. 5.10. The corresponding discharge and charge potentials, and working potentials are 
tabulated in Table 5.2, where the working potential is considered as the average value of 
the discharge potential and charge potential. At this low current density, there is little 
polarization, thus the discharge and charge plateaus can be clearly observed. It can be 
seen that the working potential decreases with Fe2+/Cr3+ content. The working potentials 
of Li3.9Fe0.15Ti4.95O12, Li3.8Fe0.3Ti4.9O12 and Li3.7Fe0.45Ti4.85O12 samples are respectively 
4.0, 8.9 and 14.7 mV lower than that of the pristine sample while those for Li4–xCr3xTi5–
2xO12 (x=0.05, 0.1, 0.15, 0.33, 0.67 and 1) are lower by 2.9, 5.1, 6.7, 13.9, 32.2 and 41.4 
mV. These values are apparently proportional to the dopant amounts. The larger the 
dopant amount, the lower the working potential. These results indicate that the Fe2+/Cr3+ 
doping did modify the structural arrangement on the energy of the Ti3+/Ti4+ redox couple. 
The modifications include the variations of lattice parameters, bond lengths and bond 
angles as well as the decrease in the structure disorder. Therefore, the working potential 
of LTO was altered. 
 
Fig. 5.10 dQ/dE curves of (a) Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and (b) Li4–xCr3xTi5–2xO12 
(0≤x≤1) samples at 0.1 C (identical discharge–charge rates were used). 
5.3.5 Rate performance 
The high rate performance is one of the key requirements for high-power LIBs in 
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EVs/HEVs. As can be clearly seen in Fig. 5.9, when the rate increases, the capacity 
gradually decreases and the discharge and charge plateaus respectively become lower and 
higher. The plateaus of the pristine LTO become shorter and no plateaus remain at the 
rates above 5 C, while obvious plateaus can always be observed even at a high rate of 10 
C for all the doped LTO. 
 
Fig. 5.11 Rate performances of Li4–2xFe3xTi5–xO12 (0≤x≤0.15) and Li4–xCr3xTi5–2xO12 
(0≤x≤1) samples at different rates (identical discharge–charge rates were used). 
The rate performances of the doped samples are compared in Fig. 5.11. It can be seen that 
the differences in the capacities between 0.5 C and 1 C for all the samples are small. At 
such low rates, the capacities are less sensitive to the conductivity of the active materials 
since Li+ ions and electrons have adequate time to diffuse and to conduct in the particles, 
as shown previously. When the C rate is progressively increased to 2, 5 and 10 C, 
however, the capacity of the pristine LTO declines steeply from the original 166 mAh g–1 
to 105, 33 and 11 mAh g–1. In contrast, in spite of their relatively lower capacities at 0.5 
C, the doped samples exhibit rate performances higher than that of the pristine LTO. For 
instance, while the pristine LTO can only deliver  33 mAh g–1 at 5 C, Li3.8Fe0.3Ti4.9O12 and 
LiCrTiO4 are able to deliver as high as 100 and 97 mAh g
–1, respectively. With the further 
increase in C rate to 10 C, their capacities still reach 57 and 70 mAh g–1, which are 




Clearly, the doped samples have significantly improved the rate performances although 
they suffer from the relatively lower capacities at low rates. Here, the rate performance of 
an active material is determined by its Li+ ion diffusion coefficient and electronic 
conductivity in the particles, particle size and electrical conduction between particles. As 
demonstrated previously, compared with the pristine LTO, all the Fe2+ doped samples 
exhibit larger Li+ ion diffusion coefficients, much higher electronic conductivities and 
smaller particle sizes. In addition, the carbon created in the preparation process may 
enhance the electrical conduction between the particles. Therefore, all the Fe2+ doped 
samples exhibit the better reaction kinetics and enhanced rate performances. On the other 
hand, the improvements in the rate performances for the lightly Cr3+ doped powders are 
not obvious since their large particles greatly limit the electron conduction and Li+ ion 
transportation. However, for the heavily Cr3+ doped powders, the positive effects of 
enhanced Li+ ion diffusion coefficients and electronic conductivities may overwhelm the 
negative effects of larger particle sizes, leading to the obviously improved rate 
performances. 
It is noted that, among the Fe2+ doped products, Li3.8Fe0.3Ti4.9O12 presents the best rate 
performance. It is also consistent with the measurement of the smallest Rct value for 
Li3.8Fe0.3Ti4.9O12 (Fig. 5.7a and Table 5.2). This result may be explained by its optimal 
combination of the Li+ ion diffusion coefficient and electronic conductivity in the 
particles, particle size and electrical conduction between the particles. For the Cr3+ doped 
LTO materials, heavy doping is obviously more effective than light doping to improve the 
rate performance, and the optimized sample is identified to be LiCrTiO4. 
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5.3.6 Electrochemical properties of doped LTO/CNTs 
To improve the electrical conduction, the doped materials were further composited with 
CNTs to form Li3.8Fe0.3Ti4.9O12/CNTs, LiCrTiO4/CNTs-post and LiCrTiO4/CNTs 
composites. FESEM images (Fig. 5.12a through Fig. 5.12c) show that 
Li3.8Fe0.3Ti4.9O12/LiCrTiO4 particles are effectively wrapped with conducting CNT 
networks. Such structure can benefit the external electrical conductivity of the particles. 
In particular, because the premixed CNTs significantly hindered the particle growth, the 
resultant particles in the LiCrTiO4/CNTs composite are mainly of < 100 nm in size (Fig. 
5.12c), much smaller than those in the LiCrTiO4 sample (Fig. 5.6j) and LiCrTiO4/CNTs-
post composite (Fig. 5.12b). In addition, the comparison between Fig. 5.12b and Fig. 
5.12c also indicates that the LiCrTiO4/CNTs composite has much shorter length of CNTs 
than the LiCrTiO4/CNTs-post composite since the ball-milling process dramatically 
shortened the premixed CNTs. 
 
 
Fig. 5.12 FESEM images of (a) Li3.8Fe0.3Ti4.9O12/CNTs composite, (b) LiCrTiO4/CNTs-
post composite and (c) LiCrTiO4/CNTs composite. 
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Fig. 13a presents the dQ/dE vs. E curves at 0.1 C for the composite/Li cells. Compared 
with the plots of Li3.8Fe0.3Ti4.9O12/Li cell in Fig. 5.10a, it is found that the discharge 
plateau is 3.5 mV higher while the charge plateau is 3.4 mV lower, indicating that the 
CNTs compositing results in smaller polarization. Similar situations happen to the 
LiCrTiO4/CNTs-post and LiCrTiO4/CNTs composites, in which the latter shows a 5.0 mV 
higher discharge plateau, 14.6 mV lower charge plateau and thus 4.8 mV lower working 
potential compared to LiCrTiO4 (Fig. 5.10b). 
 
 
Fig. 5.13 (a) dQ/dE curves at 0.1 C, (b) Second discharge–charge profiles at 0.5–10 C 
and (d) cyclability at 10 C of Li3.8Fe0.3Ti4.9O12/CNTs, LiCrTiO4/CNTs-post and 
LiCrTiO4/CNTs composites; and (c) C-rate performances of LTO, Li3.8Fe0.3Ti4.9O12, 
LiCrTiO4, Li3.8Fe0.3Ti4.9O12/CNTs, LiCrTiO4/CNTs-post and LiCrTiO4/CNTs composites 
at 0.5–10 C (identical discharge–charge rates were used). 
Fig. 13b shows the second charge–discharge curves of the three samples at different rates, 
and their rate performances are displayed in Fig. 13c. It is clear that the addition of CNTs 
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allows achieving higher capacities. For instance, the capacities of LiCrTiO4/CNTs 
composite are as high as 140, 137, 133, 128 and 120 mAh g–1 at 0.5, 1, 2, 5 and 10 C, 
respectively. Moreover, their classical galvanostatic profiles are well maintained even at a 
high rate of 10 C, with only slight increases in polarization. In particular, their rate 
performances are also remarkably improved. At 10 C, the capacity of 
Li3.8Fe0.3Ti4.9O12/CNTs composite is 89% greater than that of Li3.8Fe0.3Ti4.9O12, and those 
of LiCrTiO4/CNTs-post and LiCrTiO4/CNTs composites are 51% and 71% larger than 
that of LiCrTiO4. These results confirms that both long and short CNTs with a large 
specific surface area can serve as support for the doped LTO particles, produce more 
pathways for electron transportation, thus reduce the polarization and further benefit their 
electrochemical properties. The better rate performance of LiCrTiO4/CNTs composite 
than LiCrTiO4/CNTs-post composite is evidently due to the smaller particle size (Fig. 
5.12c), confirming the advanced effects of reducing particle size on the improvement in 
the rate performance.  
Cyclability of these composites at 10 C is shown in Fig. 5.13d. After 200 cycles, 
Li3.8Fe0.3Ti4.9O12/CNTs and LiCrTiO4/CNTs composites demonstrate desirable cyclability 
with capacity retention of 117% and 95.9%, respectively. This surprising increase in the 
capacity in Li3.8Fe0.3Ti4.9O12/CNTs composite might be explained by the possible 
rearrangement of Fe2+ ions during the cycling, even though there is no clear evidence for 
it now. 
Based on the above analysis, it can be concluded that the lower working potential, high 
rate performance and good cyclability of LTO have been achieved due to the 





In summary, the facilely prepared Li3.8Fe0.3Ti4.9O12/CNTs composite exhibits a lower 
working potential by 8.9 mV, high rate performance (approximately nine times larger 
capacity at 10 C than the pristine LTO) and advanced cyclability (117% capacity 
retention after 200 cycles), while the corresponding values for the LiCrTiO4/CNTs 
composite are 46.2 mV, about ten times and 95.9%. To our best knowledge, the two 
increase amplitudes of the capacity at 10 C are larger than those previously reported, and 
Fe2+ and Cr3+ ions are the only two known dopants that can lower the working potential. 
These good electrochemical properties of the composites are attributed to the following 
five factors. (1) Fe2+ and Cr3+ dopings tailor the structural arrangement on the energy of 
the Ti3+/Ti4+ redox couple, leading to the lower working potential. (2) Fe2+ doping 
increases the distance between the nearest neighbouring O2– ions, greatly contributing to 
the improved Li+ ion diffusion coefficient in the particles, while such improvement in the 
Cr3+ doped sample is mainly due to the decrease in the structural disorder. (3) Fe2+ and 
Cr3+ dopings bring 3d electrons into the crystalline structure and thus remarkably increase 
the electronic conductivity of particles. (4) Carbon in the calcination process hinders 
particle growth, thus refining the particles. The resultant smaller particle size shortens the 
distance of the Li+ ion transport and electron conduction of the particles. (5) CNTs serve 
as efficient electrical conductive networks, thus remarkably enhance the electrical 
conduction between the particles. Apart from this complementary strategy of doping, 
compositing and reducing particle size, It is noted that no other method is able to 
simultaneously improve the five key factors above. As a promising extension, this 
complementary strategy can be further applied to the electrochemical improvement of 
other LIB materials.  
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Chapter 6. Monodispersed mesoporous Li4Ti5O12 
submicrospheres for lithium-ion batteries: 
morphology and electrochemical performances 
Although nanosizing Li4Ti5O12 (LTO) materials is an effective way to improve their rate 
performances, low tap density and first cycle Coulombic efficiency of these 
nanomaterials limit their practical applications. To tackle these problems while preserving 
the advanced rate performances, monodispersed mesoporous LTO submicrospheres are 
developed in this work. These submicrospheres are synthesized via a solvothermal 
method using TiO2 submicrospheres and LiOH as precursors followed by mild 
calcinations. The roles of the solvent used in the solvothermal process and calcination 
temperature are systematically investigated and optimized. The LTO submicrospheres 
fabricated by the solvothermal process using a water–ethanol (60 vol.%) solvent followed 
by a calcination at 600 ℃ reveal large sphere size of 660 ± 30 nm with small primary 
particle size of 20–100 nm, large specific surface area of 15.5 m2 g–1, proper pore size of 
4.5 nm and high tap density of 1.62 g cm–3. Furthermore, the crystal structure analysis 
shows that they have a high crystallinity and no blockage of Li+ ion transportation 
pathways. Due to the novel morphology and ideal crystal structure, these 
submicrospheres exhibit good electrochemical performances. They display a high first 
cycle Coulombic efficiency of 93.5% and high charge capacity of 179 mAh g–1 at 0.5 C 
between 1.0 and 2.5 V (vs. Li/Li+), surpassing the theoretical capacity of LTO. Their 
charge capacity at 10 C is as high as 109 mAh g–1 with capacity retention of 97.8% over 
100 cycles. These good electrochemical performances and the large tap density may 
make this LTO material a superior candidate with practical value for the anodes of high-




In general, LTO can be fabricated through a solid-state reaction method using titanium 
and lithium sources under high calcination temperatures (800–1000 ℃) [171–173]. 
Unfortunately, only large and irregular particles can be obtained because the high 
calcination temperature for the formation of LTO causes grain coarsening and random 
agglomeration of powders. Therefore, the electrochemical performances are significantly 
limited. Unlike the solid-state reaction method, wet chemical synthesis methods have 
been widely used to synthesize LTO nanomaterials [174,175]. Nanosizing LTO particles 
can significantly shorten the distances of electron conduction and Li+ ion transportation 
within the particles, leading to significant improvement in rate performance. However, 
these nanomaterials generally suffer from four problems. Firstly, they have inferior tap 
densities. Secondly, they show poor first cycle Coulombic efficiency as a result of their 
poor crystallinity. Similar to the rate performance, the tap density and first cycle 
Coulombic efficiency are also key properties for the commercialization of LTO and thus 
should demand greater attention. Thirdly, they suffer from capacity loss during cycling 
because the nanomaterials (such as nanoparticles, nanorods and nanotubes) released from 
electrode surface may penetrate into the pores of separator and reach the other electrode. 
Finally, they are prone to agglomerate during cycling, also contributing to the capacity 
decay. Accordingly, these nanomaterials are still far from practical use. Among various 
wet chemical synthesis methods, solvothermal method has been employed to facilely 
synthesize LTO nanomaterials [174,175]. With the aid of the solvothermal process, a 
milder calcination temperature (500–700 ℃) may be sufficient to well crystallize LTO, 




Based on the considerations mentioned above, it is proposed that monodispersed 
mesoporous LTO submicrospheres, which are synthesized through a solvothermal route 
followed by calcination at a moderate temperature, can be an ideal material waiving the 
four problems encountered by the common LTO nanomaterials while preserving the good 
rate performance. This geometry has several advantages listed as follows. First, these 
mesoporous submicrospheres are composed of a number of nanoparticles, endowing this 
material with a good rate performance. Second, the pores can accommodate volume 
change during cycling, delaying capacity fading [176]. Third, the morphology of 
monodispersed submicrospheres allows for a large tap density. It has been reported that 
spherical particles can have a larger tap density than polygonal or irregular particles 
[177]. Fourth, the calcination at the moderate temperature can improve the crystallinity 
without significant coarsening the nanoparticles, leading to an enhanced first cycle 
Coulombic efficiency. Fifth, the pores can provide extra space for storage of Li+ ions, 
beneficial for an enhanced specific capacity. Sixth, the robust framework of the 
mesoporous architecture can prevent aggregation of particles. Finally, these mesoporous 
submicrospheres are capable of providing a proper pore size for rapid transportation of 
Li+ ions. In contrast to mesopores, macropores (>50 nm) might cause instability of 
electrodes during rolling the electrodes while micropores (<2 nm) might impede 
transportation of solvated Li+ ions in the pores [153]. Hence, this LTO material can be an 
ideal anode material with practical value. However, it is very challenging to synthesize 
monodispersed mesoporous LTO submicrospheres with desirable structural 
characteristics and electrochemical performances [178]. 
In this work, monodispersed mesoporous LTO submicrospheres have been successfully 
prepared through a solvothermal method using TiO2 submicrospheres and LiOH as 
precursors as well as water–ethanol solvents with subsequent calcinations at moderate 
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temperatures. The resultant materials have been studied by X-ray diffraction (XRD), 
nitrogen adsorption–desorption measurements, field emission scanning electron 
microscope, transmission electron microscopy, galvanostatic discharge/charge techniques 
and electrochemical impedance spectroscopy (EIS) tests. The roles of the solvent and 
calcination temperature have been intensively studied. The LTO submicrospheres 
prepared by using a water–ethanol (60 vol.%) solvent and 600 ℃ calcination temperature 
show optimal structure and morphology as well as good electrochemical performances. 
6.2 Experimental 
6.2.1 Material preparations 
Precursor TiO2 submicrospheres were synthesized by a sol–gel method [165]. In a typical 
process, 2.9814 g hexadecylamine (Sigma–Aldrich, 90%) was dissolved in 300 mL 
absolute ethanol under strong stirring, followed by addition of 1.2 mL of 0.1M potassium 
chloride (Sigma–Aldrich, 99.9%) aqueous solution and 6.7825 mL titanium isopropoxide 
(Sigma–Aldrich, 97%). This solution was powerfully stirred at room temperature for 2 
mins. The resultant milky suspension was aged in a static condition for 18 h. After 
washing and drying the white precipitate at the bottom of the vessel, the TiO2 
submicrospheres were obtained. 
LTO materials with different morphologies were prepared by a solvothermal method 
using the obtained TiO2 submicrospheres and lithium hydroxide (LiOH, Sigma–Aldrich, 
98%) as precursors as well as water–ethanol solvents followed by calcinations at 
moderate temperatures, as sketched in Fig. 6.1. In a typical route, 0.1054 g LiOH was 
dissolved in 36.66 mL of a water–ethanol (0–90 vol.%) solvent under powerful stirring. 
To the solution was added 0.44 g TiO2 submicrospheres. After strongly stirring for 10 
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mins, the resultant mixture was sealed in a Teflon-lined autoclave (44 mL) and heated at 
180 ℃ in an air-flow electric oven for 16 h. After cooling down naturally, the precipitate 
was harvested by washing thoroughly with ethanol and drying at 80 ℃.  These precursor 
samples were labeled with P as a prefix followed by LTO and the volume percentage of 
ethanol in the solvent for the solvothermal process in a general form of P-LTO-x0. For 
example, P-LTO-60 refers to the precursor sample fabricated using a water–ethanol (60 
vol.%) solvent. Eventually, these precursor samples were calcined at 500–700 ℃ for 4 h 
to obtain crystallized LTO materials. The calcined LTO materials were donated as LTO-
x0-y00, in which y00 represents the calcination temperature. 
 
Fig. 6.1 Schematic preparation processes for the LTO materials shown in Chapter 6. 
6.2.2 Material characterizations 
Crystal structure identification, particle morphology observation, and specific surface 
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area and pore size measurement, and tap density measurement have been described in 
Sections 2.4, 2.6, 2.7 and 2.9, respectively. 
6.2.3 Electrochemical tests 
LIB assembly process, discharge-charge measurement, rate performance test and 
cyclability test have been shown in Sections 2.3, 2.13, 2.15 and 2.16, respectively. 
Electrochemical impedance spectroscope (EIS) measurements were carried out, as shown 
in Sections 2.10 and 2.11. 
6.3 Results and discussion 
6.3.1 Material characteristics 
XRD spectra of the precursor TiO2 submicrospheres and the products after the 
solvothermal process are displayed in Fig. 6.2, while those of the calcined samples are 
shown in Fig. 6.3. The morphologies and particle sizes are presented in Fig. 6.4–Fig. 6.6. 
As can be seen in Fig. 6.2, no obvious peaks were detected for the as-prepared TiO2 
submicrospheres, indicating the precursors to be amorphous phases. These 
submicrospheres with smooth surfaces have a diameter of 800 ± 30 nm (Fig. 6.4a and 
Table 6.1), suggesting that they also have the feature of monodispersed submicrospheres 
although their size is smaller than that previously reported [165]. After the solvothermal 
reaction, the products exhibit three weak and broad peaks at approximate 18.0°, 43.5° and 
63.5°, which can be indexed as spinel Li1+xTi2–xO4+δ [179,180]. This result indicates that 





Fig. 6.2 XRD spectra of precursor TiO2 submicrospheres and the samples after 
the solvothermal process (P-LTO-0 and P-LTO-60). 
 



















Fig. 6.4 FESEM images of (a) precursor TiO2, (b) P-LTO-0, (c) P-LTO-60, (d) LTO-0-
500, (e) LTO-60-500, (f) LTO-60-600 and (g) LTO-600-700; the insets in (b) –(g) are 




Fig. 6.5 FESEM images of (a) P-LTO-30 and (b) LTO-30-500. 
Table 6.1 Structural characteristics of the prepared mesoporous submicrospheres. 
 






























TiO2 800±30 –  very poor 3.35 4.42 0.006 – 
P-LTO-0 890±30 ~20  poor  109 4.37 0.192 – 
P-LTO-60 870±40 ~20 poor 182 2.83 0.180 – 
LTO-0-500 820±50 ~20 poor 39.8 5.21 0.103 1.05 
LTO-60-500 720±30 ~20 moderate 40.2 4.67 0.077 1.23 
LTO-60-600 660±30 20–100 high 15.5 4.49 0.029 1.62 






Fig. 6.6 TEM images of (a) LTO-0-500, (c) LTO-60-500, (e) LTO-60-600 and (g) LTO-
60-700; high-resolution TEM images of (b) LTO-0-500, (d) LTO-60-500 and (f) LTO-
60-600. 
It was found that the solvent used in the solvothermal process and calcination 
temperature greatly affected the crystal structures of the final products. After calcined at 
500 ℃, Li1+xTi2–xO4+δ was converted to crystallized spinel LTO strcture with small 
amount of impurities, as shown in Fig. 6.3. A peak at 20.5° appears in the XRD spectrum 
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of LTO-0-500, which can be assigned to be Li2TiO3 impurity, inferring that there exist 
excessive Li+ ions in LTO-0-500 since Li2TiO3 is a Li-rich phase. Comparatively, LTO-
60-500 is identified to be LTO phases with Li-poor impurities of anatase TiO2 and rutile 
TiO2. With increasing the ethanol ratio in the solvent, the XRD peaks of TiO2 became 
stronger, manifesting that the amount of TiO2 becomes larger. In comparison with water, 
ethanol has much lower polarity. Thus, the large amount of ethanol in the solvent may 
hinder the reaction between the solvated Li+ ions and precursor TiO2 submicrospheres, 
resulting in different impurities [141]. For instance, the solvated Li+ ions in pure water 
was so active that excessive Li+ ions reacted with TiO2, thereby generating the Li-rich 
product. In contrast, it was the ethanol that hindered the reaction, making Li-poor anatase 
TiO2 and rutile TiO2 as the impurities. When the ethanol ratio reaches 90 vol.%, the peaks 
of TiO2 in LTO-90-500 are obviously competitive to those of LTO. This observation 
suggests that the TiO2 phases have a significant weight ratio in the product. Due to the 
poor LTO purity, this product was not further investigated. Besides the impurities, these 
samples are also different in the crystallinity of LTO. The comparison between LTO-0-
500 and LTO-60-500 is taken as an example. It is evident that the intensity for the former 
sample is much lower than that for the latter, indicating that the former sample has a 
much poorer crystallinity of LTO although both samples were calcined at 500 ℃. 
Interestingly, the solvent also has significant influences on the morphology of the 
products. After the solvothermal process, both P-LTO-0 and P-LTO-60 samples inherited 
the monodispersed submicrospherical morphology of the TiO2 precusors. Their sphere 
sizes, are 890 ± 30 nm and 870 ± 40 nm respectively, slightly larger than that of the 
precursor TiO2 submicrospheres due to reaction with Li
+ ions. Another difference is that 
the surfaces of the resultant submicrospheres became rough, because these 
submicrospheres were assembled by a number of tiny Li1+xTi2–xO4+δ nanoparticles smaller 
98 
 
than 20 nm, as shown in the insets of Fig. 6.4b and Fig. 6.4c. Due to the nanoparticle 
packing, abundant mesopores formed. These mesoporous architectures are also confirmed 
by nitrogen adsorption–desorption analysis. Nitrogen adsportion–desportion isotherms of 
the samples are shown in Fig. 6.7. There is a hysteresis loop in the isotherm of P-LTO-0, 
implying the filling of the mesoporous framework [181]. P-LTO-0 exhibits a type IV 
isotherm and type H4 hysteresis loop, manifesting that it is a typical mesoporous material 
[136,141,144]. It has a huge specific surface area of 109 m2 g–1, proper pore size of 4.37 
nm and large pore volume of 0.192 cm3 g–1 (Table 6.1). These parameters support the fact 
that the submicrospheres have a mesoporous structure (Table 6.1). On the other hand, P-
LTO-60 shows a type IV isotherm but a type H2 hysteresis loop, also indicating the 
nature of mesoporous. Its corresponding specific surface area, pore size and pore volume 
were calculated to be 182 m2 g–1, 2.83 nm and 0.180 cm3 g–1, respectively. 
 
Fig. 6.7 Nitrogen adsorption–desorption isotherms of the prepared submicrospheres. 
After calcined at 500 ℃, the monodispersed submicrospherical morphologies were well 
maintained but the sphere sizes were reduced. These reductions can be due to the heating 
effect, which is common phenomenon in the field of ceramic calcination. LTO-0-500 
possesses a sphere size of 820 ± 50 nm, larger than that for LTO-60-500 (720 ± 30 nm). 
Both samples consist of LTO nanoparticles with the size mainly around 20 nm, as 
revealed in Fig. 6.4d, Fig. 6.4e and Fig. 6.6a through Fig. 6.6d. As can be seen in Fig. 
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6.6b and Fig. 6.6d, the high-resolution TEM images of LTO-0-500 and LTO-60-500 
clearly show the primary particle sizes and their lattice fringes. The d111 spacing of 0.48 
nm is in good accordance with bulk spinel LTO. This observation indicates the 
crystallized LTO in the submicrospheres prepared from 500 ℃, consistent with the XRD 
spectra (Fig. 6.3). It is worth noting that some of the primary particles of LTO-0-500 are 
as small as less than 10 nm (Fig. 6.6b). Such tiny particles, however, were unable to be 
observed in LTO-60-500, as manifested in Fig. 6.6d, suggesting that the crystallinity of 
LTO in LTO-0-500 be poorer than that in LTO-60-500, which is also in good agreement 
with the XRD analysis. Furthermore, both samples show an almost equally large specific 
surface area of approximately 40 m2 g–1 and a similar pore size of about 5 nm. The proper 
pore size combined with the large specific surface area holds great promise in offering a 
sufficient surface area to facilitate the electrochemical reactions and efficient 
transportation of the solvated Li+ ions in these pores, beneficial for the good rate 
performance in LTO [141]. 
In contrast to P-LTO-0, LTO-0-500, P-LTO-60 and LTO-60-500 samples, P-LTO-30 and 
LTO-30-500 samples exhibit a mixture of submicrospheres and nanosheets, as displayed 
in Fig. 6.5. This morphology is not desirable because the presence of nanosheets can 
dramatically decrease the tap density of the powders. As a result, these samples were not 
further studied. 
Based on the observations mentioned above, it is clear that only the products prepared 
using pure water and water–ethanol (60 vol.%) solvents have high LTO purities and 
preserve the desirable monodispersed submicrospherical morphology. As will be shown 
in Section 6.3.2 later, when compared with LTO-0-500, LTO-60-500 exhibits much better 
electrochemical performances. Therefore, to investigate the influences of the calcination 
temperature, H-LTO-60 submicrospheres were also calcined at higher temperatures (600 
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and 700 ℃). 
The enhancements of the calcination temperature to 600 and 700 ℃ not only converted 
all anatase TiO2 to rutile TiO2 since anatase is unstable at high temperatures, but also 
improved the crystallinity of LTO. For LTO-60-600 and LTO-60-700, the improvements 
in the crystallinity can be elucidated by the facts that width of the XRD peaks at half 
maximum for LTO are obviously narrower and their relative intensities of (400) peaks at 
43.3° are higher compared to those of LTO-60-500. These results might be explained by 
the ordering of local structure and/or release of lattice strain during the calcination. 
Furthermore, it is noticeable that the XRD spectra for LTO-60-600 and LTO-60-700 show 
similar peak intensities and broadenings, indicating that both samples might have similar 
crystallinity. Hence, a 600 ℃ calcination temperature can be sufficient to well crystallize 
LTO grains, in sharp contrast to the high temperature (800–1000 ℃) required by the 
solid-state reaction method.  
The monodispersed submicrospherical morphology is still retained after calcination at 
600 and 700 ℃. As expected, with increase in the calcination temperature, the resultant 
submicrospheres further shrank. The spheres in LTO-60-600 are of 660 ± 30 nm in size, 
60 nm smaller than those in LTO-60-500, while LTO-60-700 has an even smaller sphere 
size of 610 ± 40 nm. In addition, the particle coarsening became obvious when the 
calcination temperature was increased. The primary nanoparticles moderately grew 
during firing at 600 ℃, as shown in Fig. 6.6e and the insert of Fig. 6.4f. The resultant 
particle size, with a wide distribution from 20 nm to 100 nm, has an average value of 
approximately 50 nm. This result is well consistent with its high-resolution TEM image 
(Fig. 6.6f), in which both small and large particles are clearly shown. Further increasing 
the temperature to 700 ℃ led to a severe growth of the nanoparticles. Fig. 6.6g and the 
inset of Fig. 6.4g clearly indicate that most of the primary particles in LTO-60-700 are 
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larger than 100 nm. As a result, the specific surface areas of LTO-60-600 and LTO-60-
700 are monotonously decreased to 15.5 and 9.64 m2 g–1, respectively, and their pore 
volumes are reduced to 0.029 and 0.019 cm3 g–1 (Table 6.1). However, the different 
calcination temperatures did not significantly vary the pore sizes of these three samples, 
which are all around 5 nm, indicating that the mesoporous structures were preserved. 
Table 6.1 also shows the tap densities of the calcined submicrospheres. As can be seen, 
all the samples possess large tap densities above 1 g cm-3, in which LTO-60-600 and 
LTO-60-700 exhibit large values of 1.62 and 1.79 g cm-3, respectively. In sharp contrast, 
LTO-30-500, which has a large weight ratio of nanosheets, was measured to be only 0.44 
g cm-3. This comparison confirms that the morphology of monodispersed mesoporous 
submicrospheres is capable of providing the large tap density. The high-density spherical 
LTO anode materials can be used in the LIBs to significantly increase their volumetric 
energy density. 
6.3.2  Electrochemical performances 
The initial charge and discharge profiles of LTO-0-500, LTO-60-500, LTO-60-600 and 
LTO-60-700 samples at different rates from 0.5 C to 10 C are displayed in Fig. 6.8, and 
their rate performances and cyclability at 10 C are respectively shown in Fig. 6.9 and Fig. 
6.10. Their results are summarized in Table 6.2. Two voltage plateaus can be observed 
during the discharge–charge process in all the four samples. The plateau pair can be 
ascribed to the two-phase reaction between Li4Ti5O12 and Li7Ti5O12 [26]. With increasing 
the C rate, the discharge plateau deceases while the charge plateau increases, inferring 





Fig. 6.8 Initial discharge–charge profiles of 
LTO-0-500, LTO-60-500, LTO-60-600 and 
LTO-60-700 samples at 0.5 C, 1 C, 2 C, 5 C 
and 10 C (identical discharge–charge rates 
were used). 
 
Fig. 6.9 Rate performances of LTO-0-500, 
LTO-60-500, LTO-60-600 and LTO-60-700 
samples (identical discharge–charge rates 































































































































































































































































































































































































































































































































































Fig. 6.10 Cyclability of LTO-0-500, LTO-60-500, LTO-60-600 and LTO-60-700 samples 
(identical discharge–charge rates were used). 
It was found that the solvent used in the solvothermal process significantly affected the 
electrochemical performances of the LTO product. As exhibited in Fig. 6.8 through Fig. 
6.10, the electrochemical performances of LTO-60-500 obviously overwhelm those of 
LTO-0-500 in several aspects. Firstly, LTO-60-500 shows more obvious working plateaus 
compared with LTO-0-500. Secondly, the discharge capacity and charge capacity of LTO-
60-500 are as high as 230 and 188 mAh g–1, respectively, much larger than those of LTO-
0-500 which only reveals 145 and 110 mAh g–1. Thirdly, the first cycle Coulombic 
efficiency of LTO-60-500 is 81.9%, superior to that of LTO-0-500 (76.3%). Fourthly, in 
comparison with LTO-0-500, LTO-60-500 has a significantly better rate performance. 
When the C rate progressively increases from 0.5 C to 1, 2, 5 and 10 C, the first cycle 
charge capacities of LTO-0-500 steeply decline from the original 110 mAh g–1 to 98, 83, 
63 and 48 mAh g–1. Comparatively, LTO-60-500 delivers much larger charge capacities 
of 188, 182, 169, 141 and 115 mAh g–1, respectively. Finally, LTO-60-500 exhibits better 
cyclability than LTO-0-500. At 10 C, the former sample demonstrates capacity retention 
of 86.1% after 100 cycles, while the latter shows a corresponding value of only 76.4%. 
These improvements can be rooted in the structural characteristics of LTO-60-500 and 
LTO-0-500. Although both samples have similar specific surface areas (primary particle 
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sizes) and pore sizes, they are different in impurities and crystallinity. As analyzed in 
Section 6.3.1, LTO-60-500 is a Li-poor material, whereas LTO-0-500 is Li-rich. 
Moreover, the former sample has a higher crystallinity compared with the latter. It was 
reported that excessive Li+ ions in Li-rich LTO can occupy certain undesirable sites in the 
LTO crystal structure, such as 16c and 48f sites [179]. During the discharging process of 
LTO, three external Li+ ions and the three Li+ ions in 8a sites move to 16c sites. During 
the charging process, this process reverses. Therefore, the occupation of Li+ ions at 16c 
sites may reduce the number of the inserted Li+ ions during the discharging process, 
leading to the smaller discharge capacity and thus the smaller charge capacity of LTO-0-
500. Furthermore, since 16c sites are located on the 8a–16c–8a Li+ ion transportation 
pathways, the occupation of Li+ ions at 16c sites may impede Li+ insertion/extraction, 
resulting in the poor rate performance of LTO-0-500. In addition, because of the 
occupations of Li+ ions in 16c and 48f sites, the reversible insertion/extraction of Li+ ions 
in the spinel structure may be significantly limited. Thus, the poorer cyclability of LTO-
0-500 at 10 C was obtained. Another reason for the poor cyclability may be the poor 
crystallinity of LTO in LTO-0-500. This poor crystallinity may not allow for sufficiently 
robust LTO crystals or highly ordered Li+ ion transportation pathways, contributing to the 
poor cyclability and less obvious working plateaus. In fact, this phenomenon is 
commonly observed in LTO nanomaterials which generally exhibit poor crystallinity 
[151]. Finally, the occupations of Li+ ions in the undesirable sites and the poor ordered 
Li+ ion transportation pathways may trap some inserted Li+ ions, leading to the lower first 
cycle Coulombic efficiency of LTO-0-500. 
In sharp contrast, for LTO-60-500, besides its advantage of higher crystallinity of LTO 
that is beneficial for its first cycle Coulombic efficiency and cyclability, its Li-poor 
phases (anatase TiO2 and rutile TiO2) can benefit the electrochemical performances based 
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on two considerations. (i) The presence of these Li-poor phases suggests no excessive Li+ 
ions in the LTO crystal structure and thus free blockage of Li+ ion transportation 
pathways, which can contribute to the improvements of its rate performance, cyclability, 
specific capacity, working plateaus and first cycle Coulombic efficiency [171,172]. (ii) 
The pseudocapacitive effect originated from this LTO–TiO2 composite is also favorable 
for its enhanced rate performance and cyclability [106,182]. 
To investigate the effects of the calcination temperature on the electrochemical 
performances of LTO submicrospheres, LTO-60-600 and LTO-60-700 were fabricated by 
sintering H-LTO-60 at 600 and 700 ℃, respectively. It can be observed from Fig. 6.8 that 
the initial discharge capacity and charge capacity of LTO at 0.5 C decrease with 
increasing the calcination temperature. Those for LTO-60-600 are 192 and 179 mAh g–1 
respectively, and the corresponding values for LTO-60-700 are further reduced to 185 and 
163 mAh g–1. Although these values are lower than those for LTO-60-500, the initial 
discharge capacities of these three samples are all beyond the theoretical capacity of LTO 
(175 mAh g–1). These large capacities confirm the advantage of this mesoporous 
submicrospherical structure that the mesopores can store a certain number of Li+ ions 
during the discharging process. Compared to LTO-60-600 and LTO-60-700, LTO-60-500 
has the largest pore volume, probably leading to its largest initial discharge capacity. 
Interestingly, the first cycle Coulombic efficiency of LTO-60-600 is as high as 93.5%, 
higher than those of LTO-60-500 and LTO-60-700. The lower value for LTO-60-500 can 
be explained by its poor crystallinity of LTO. On the other hand, although LTO-60-700 
exhibits the highest crystallinity, its large particle size (>100 nm) may result in overly 
long Li+ ion/electron transportation pathways and thus uncompleted lithiation and 
delithiation processes. Accordingly, its first cycle Coulombic efficiency is limited.The 
best combination of the crystallinity and particle size in LTO-60-600 apparently accounts 
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for its highest first cycle Coulombic efficiency. 
The variations of the rate performance for the three samples are also strong. As shown in 
Fig. 6.8, LTO-60-600 and LTO-60-500 exhibit similar and high rate performances. At 10 
C, the charge capacity of LTO-60-600 is 109 mAh g–1, reaching 61% of the value 
corresponding to 0.5 C. This percentage is equal to that for LTO-60-500 (115/188=61%). 
In sharp contrast, the LTO material, which is composed of primary particles with an 
average size of about 300 nm, shows a very disappointing charge capacity of only 11 
mAh g–1 at 10 C in Chapter 3–5 [171,172]. Thus, the rate performances of these 
mesoporous LTO submicrospheres are remarkably superior to those for LTO materials 
with submicron primary particles. This advantage can be attributed to (i) their small 
primary particles (<100 nm) enhancing interfacial reactivity and favoring solid-state 
diffusion of both Li+ ion and electron within particles, (ii) proper pore size and volume 
allowing for easy transportation of the solvated Li+ ions in the mesopores to contact 
embedded LTO nanoparticles, and (iii) reasonably high crystallinity keeping the 
structural integrity during lithiation and delithiation processes and accelerating Li+ 
ion/electron diffusion in solid bulk phase. Comparatively, LTO-60-700 has the charge 
capacities of 163 mAh g–1 at 0.5 C and 83 mAh g–1 at 10 C, respectively. Consequently, 
the corresponding percentage was calculated to be only 51%. As shown in Table 6.1, 
LTO-60-600 has a primary particle size of 20–100 nm, pore size of approximately 5 nm 
and pore volume of 0.029 cm3 g–1. In comparison with LTO-60-600, although LTO-60-
700 has a similar crystallinity (Fig. 6.3) and pore size, it exhibits a much larger primary 
particle size (> 100 nm) and smaller pore volume (0.019 cm3 g–1). As a result, LTO-60-
700 suffers from the poor rate performance. On the other hand, compared with LTO-60-
600, LTO-60-500 shows a much smaller primary particle size (< 20 nm) and larger pore 
volume (0.077 cm3 g–1) in spite of its relatively lower crystallinity (Fig. 6.3). Therefore, 
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LTO-60-500 can still have a similar rate performance to LTO-60-600. 
In addition, LTO-60-600 shows the best cyclability at 10 C. As revealed in Fig. 6.10, its 
capacity retention at 10 C after 100 cycles is as high as 97.8%, while those for LTO-60-
500 and LTO-60-700 are 86.1% and 90.3%, respectively. This result can also be 
associated with their different material characteristics. The crystallinity of LTO-60-500 is 
poor, while the primary particle size in LTO-60-700 is overly large, impeding lithiation 
and delithiation processes. Consequently, neither samples show desirable cyclic 
stabilities. On the other hand, it should be the proper combination of the primary particle 
size and crystallinity in LTO-60-600 that results in its good cyclability. 
To further study the reaction kinetics in the cells, EIS was employed, and the Nyquist 
plots are shown in Fig. 6.11. As can be seen, all the plots exhibit two semicircles and one 
slope. The semicircle at the high frequency region is assigned to Li+ ion diffusion through 
surface area (i.e., SEI layers in this case), the one at the medium-to-low frequency region 
is attributed to charge transfer reaction between electrode and electrolyte, and the slope at 
the low frequency region is ascribed to Li+ ion diffusion in bulk material [183–185]. In 
contrast, in previous research carried out by the author using submicron LTO particles, 
the former semicircle cannot be observed [171,172]. This finding could be explained by 
the small surface area of the submicron LTO particles. Since their specific surface area 
was as small as < 0.5 m2 g–1, the Li+ ion diffusion through the surface area was negligible, 
resulting in the absence of the former semicircle. 
Based on the above understanding, an equivalent circuit to analyze the Nyquist plots is 
given in the inset of Fig. 6.11. Here, RΩ, Rs and Rct indicate the ohmic resistance of the 
cell, the resistance for Li+ ion diffusion in the surface layer and the charge-transfer 
resistance, respectively; CPEs and CPEdl reflect the constant phase-angle elements 
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depicting the non-ideal capacitances of surface layer and double layer, respectively; and 
W embodies the Warburg impedance related to Li+ ion diffusion in bulk electrode. The 
fitted results are also tabulated in Table 6.2. Clearly, all the RΩ values are smaller than 4 
Ω, which can be negligible for all the samples. LTO-0-500 and LTO-60-500 respectively 
exhibit large Rs values of 339 and 368 Ω, while the corresponding value of LTO-60-700 
is the smallest (235 Ω). It is known that large surface area of an electrode material 
imparts it with high reactivity with electrolyte [151]. The large specific surface areas of 
LTO-0-500 and LTO-60-500 (~40 m2 g–1) facilitated the reactions between the LTO 
particles and electrolyte, resulting in their thick solid-electrolyte interphase (SEI) layers 
on the LTO particles and thus their large Rs values. Moreover, the Rct values also vary 
largely with different samples, in which LTO-60-500 and LTO-60-600 show relatively 
smaller values. In addition, the total resistances (Rtotle = RΩ + Rs + Rct) were calculated 
(Table 6.2). LTO-60-500 and LTO-60-600 respectively exhibit small and roughly equal 
values of 985 and 952 Ω, indicating their good reaction kinetics. This result is well 
consistent with their good rate performances. 
 
Fig. 6.11 Nyquist plots for impedance response of LTO-0-500, LTO-60-500, LTO-60-





In order to tackle the issues associated with low tap density, poor first cycle Coulombic 
efficiency and capacity loss during the cycling in common LTO nanomaterials, intriguing 
monodispersed mesoporous LTO submicrospheres were prepared through a solvothermal 
method using TiO2 submicrospheres and LiOH as precursors as well as water–ethanol (0 
and 60 vol.%) solvents followed by 500–700 ℃ calcinations. The employment of ethanol 
in the solvent for the solvothermal process may hinder the reaction between the solvated 
Li+ ions and precursor TiO2, leading to a Li-poor product. As a result, compared to LTO-
0-500, LTO-60-500 shows a higher crystallinity and free blockage of Li+ ion 
transportation pathways, benefiting its electrochemical performances. A higher-
temperature calcination improves the crystallinity but increases the primary particle size 
and reduces the pore volume. The optimized sample, LTO-60-600, which was fabricated 
using a water–ethanol (60 vol.%) solvent and 600 ℃ calcination, consists of 
monodispersed mesoporous LTO submicrospheres with a sphere size of 660 ± 30 nm, 
small primary particle size of 20–100 nm, proper pore size of about 5 nm and large tap 
density of 1.62 g cm–3. Due to the complementary effect of the high crystallinity, small 
primary particle size, proper pore size and desirable occupation of ions in the LTO 
structure, LTO-60-600 exhibits promising electrochemical performances in terms of first 
cycle Coulombic efficiency, specific capacity, rate performance and cyclability. At 0.5 C, 
it shows a large discharge capacity of 192 mAh g–1 and a high first cycle Coulombic 
efficiency of 93.5%. At 10 C, its capacity is still as large as 109 mAh g–1 with only 2.2% 
loss after 100 cycles. Therefore, due to these advanced structural characteristics and 




Chapter 7. Mesoporous Li4Ti5O12–x/C 
submicrospheres with improved electrochemical 
performances for high-power lithium-ion batteries: 
complementary effects of compositing, crystal 
structure modification, and hierarchical particle 
construction 
Compositing, doping, and particle nanosizing are three methods for improving the 
performances of Li4Ti5O12 (LTO). However, none of these three methods can 
simultaneously achieve enhanced electronic conductivity and Li+ ion diffusion coefficient 
in particles, increased electrical conduction between particles, small primary particle size, 
large tap density, lowered working potential, high first cycle Coulombic efficiency and 
good cyclability. To achieve the simultaneous improvements in these eight crucial factors, 
a complementary method combining compositing, crystal structure modification, and 
hierarchical particle construction is employed in this work. 
Monodispersed/multidispersed mesoporous Li4Ti5O12–x/C submicrospheres were 
fabricated through a solid-state reaction method in argon atmosphere using 
monodispersed/multidispersed TiO2 submicrospheres, LiOH and sucrose as precursors. 
The Li4Ti5O12–x/C submicrospheres have a well-crystallized spinel structure with a 𝐹𝑑3̅𝑚 
space group, no blockages of Li+ ion transportation pathways, 2.69–3.03% O2– vacancy 
contents (vs. all 32e sites in the spinel structure), and 12.9–14.6% Ti3+ ion contents (vs. 
all titanium ions). Thus, the electronic conductivity and Li+ ion diffusion coefficient of 
particles can be significantly improved, and the working potential is 4.4–4.7 mV lower 
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than that of LTO. Furthermore, these submicrospheres contain 1.06–1.44 wt% carbon as 
carbon coatings (2–3 nm in thickness) and carbon nanoparticles (~20 nm in size), 
resulting in smaller primary particle sizes (<100 nm), large specific surface areas (12–15 
m2 g–1), proper pore sizes (~4 nm) and the enhanced electrical conduction between 
particles. In addition, the submicrosphere morphology allows large tap densities (1.41–
1.71 g cm–3). As a result of this advanced structure, these mesoporous Li4Ti5O12–x/C 
submicrospheres exhibit comprehensively improved electrochemical performances. The 
optimized sample, with an ideally graded sphere-size distribution ranging from 100–600 
nm, shows the largest tap density of 1.71 g cm–3, high first cycle Coulombic efficiency of 
95.0% and 4.5 mV lower working potential. At 10 C rate, its capacity is as high as 119 
mAh g–1 with capacity retention of 95.9% over 100 cycles in a potential window of 1.0–
2.5 V (vs. Li/Li+), whereas that of the pristine counterpart is only 12 mAh g–1. These good 
electrochemical performances combined with the large tap density can render this 
Li4Ti5O12–x/C material a superior candidate with practical value for the anodes of high-
power lithium ion batteries. 
7.1 Introduction 
As shown in Section 1.4, two main obstacles that impede the widespread applications of 
LTO in high-power LIBs are its intrinsically poor rate performance and overly high 
working potential since powder performance is basically determined by rate performance 
and working potential. Previous reports show that most types of electrolyte can be 
reduced once the potential is below 1.0 V (vs. Li/Li+) [29,30]. Consequently, a working 
potential of above 1.0 V (vs. Li/Li+) is desirable for anode materials to ensure good safety 
and cyclability. Although LTO meets this requirement, its working potential of around 
1.55 V (vs. Li/Li+) is excessively high. Therefore, modifying its working potential to a 
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value of lower than 1.55 V (vs. Li/Li+) but higher than 1.0 V (vs. Li/Li+) is highly 
demanded. However, the success in lowering the working potential is very limited. To 
date, only Cr3+ and Fe2+ dopings have been reported to lower the discharge plateau of 
LTO, as shown in Chapter 5. The most heavily Cr3+ doped sample, LiCrTiO4, shows a 
working potential of 1.5192 V (vs. Li/Li+), 46.2 mV lower than that of LTO. Therefore, it 
is still necessary to develop new methods to lower the working potential of LTO. 
During the lithiation/delithiation process, electrons and Li+ ions synergistically transport 
in LTO particles, as illustrated in Fig. 5.1. Hence, the conduction in an LTO anode is 
determined by electronic conductivity and Li+ ion diffusion coefficient in LTO particles, 
particle size and electrical conduction between the particles. Higher electronic 
conductivity and larger Li+ ion diffusion coefficient in the particles, smaller particle size 
as well as better electrical conduction between the particles are favourable for better 
conduction. LTO has intrinsically low electronic conductivity (<1×10–13 S cm–1) and 
sluggish Li+ ion diffusion coefficient (~10–15 cm2 s–1), thereby greatly limiting its rate 
performance [17–19]. Its rate performance has been improved by doping with foreign 
ions, compositing with a conductive phase and nanosizing LTO. Doping with foreign ions 
can effectively modify the crystal structure of LTO and thus engineer the electronic 
conductivity and/or Li+ ion diffusion coefficient of LTO particles, but cannot enhance the 
electrical conduction between the particles. Inversely, compositing with a conductive 
phase can enhance the electrical conduction between the particles, but cannot change the 
intrinsic conductivity. Nanosizing LTO can remarkably improve the rate performance due 
to shortening electron and Li+ ion transportation pathways within the particles. However, 
this method is not capable of altering the intrinsic and extrinsic conductivities. In 
addition, due to their small particle sizes and low crystallinity, these nanomaterials 
generally suffer from inferior tap densities, poor first cycle Coulombic efficiency and 
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capacity loss during cycling, which render them far from commercial applications. 
Based on the above analysis, it can be concluded that none of the three methods can 
simultaneously achieve enhanced electronic conductivity and Li+ ion diffusion coefficient 
of the particles, increased electrical conduction between the particles, small primary 
particle size, large tap density, lowered working potential, high first cycle Coulombic 
efficiency and good cyclability. Hence, it is urgently desirable to explore new methods to 
efficiently improve the performances of LTO. 
To achieve the simultaneous improvements in the eight crucial factors above, mesoporous 
Li4Ti5O12–x/C submicrospheres have been designed by a complementary employment of 
compositing, crystal structure modification and hierarchical particle construction. Firstly, 
Ti3+ ions and O2– vacancies are incorporated into the crystal structure of LTO. The 3d 
electrons in Ti3+ ions have a t2g1 eg0 electronic configuration [156]. These free 3d 
electrons can enhance the electronic conductivity of LTO. Furthermore, the presence of 
O2– vacancies can facilitate Li+ ion transportation in the crystal structure [186]. In 
addition, Ti3+ doping can tailor the structural arrangement in terms of ion types, available 
sites, neighbouring atoms and ionocovalent bonds on the energy of the Ti3+/Ti4+ redox 
couple, thus may modify the working potential of LTO [26]. Secondly, a mesoporous 
submicrospherical architecture is designed. This architecture can not only provide a 
proper pore size for rapid transportation of solvated Li+ ions but also allow a high tap 
density while preserving small primary particles in the submicrospheres [138]. Finally, 
carbon is selected as the conductive phase. Carbon is capable of increasing the electrical 
conduction between the particles. Furthermore, it can hinder the primary particle growth 
at high calcination temperatures, ensuring the small and well-crystallined primary 
particles. Consequently, the high first cycle Coulombic efficiency and good cyclability 
can be obtained. 
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To implement this design, monodispersed/multidispersed mesoporous Li4Ti5O12–x/C 
submicrospheres are prepared through a facile solid-state reaction method in argon 
atmosphere using monodispersed/multidispersed TiO2 submicrospheres, LiOH and 
sucrose as precursors. The as-prepared materials are studied by X-ray diffraction 
combined with Rietveld refinements, field emission scanning electron microscope, 
transmission electron microscope, surface area and pore size analyser, thermogravimetric 
analyzer, galvanostatic discharge/charge tests and electrochemical impedance 
spectroscopy measurements. The complementary effects of carbon compositing, crystal 
structure modification and hierarchical particle construction on the electrochemical 
properties of LTO is systematically investigated. 
7.2 Experimental 
7.2.1 Material preparations 
Monodispersed/multidispersed TiO2 precursor submicrospheres were prepared by a sol–
gel method [165]. Monodispersed TiO2 precursor submicrospheres were synthesized 
through the process shown in Section 6.2.1 and labeled as P-TiO2-L. Multidispersed TiO2 
precursor submicrospheres P-TiO2-M and P-TiO2-S were fabricated by the same route 
except that 2.0 and 2.8 mL KCl solutions were consumed, respectively. Here, P means 
precursor, while L, M and S refer to large, medium and small sphere sizes. After 
respectively calcining P-TiO2-L, P-TiO2-M and P-TiO2-S at 400 ℃ for 5 h, mesoporous 
TiO2 submicrospheres were collected and denoted as TiO2-L, TiO2-M and TiO2-S. 
Monodispersed/multidispersed mesoporous Li4Ti5O12–x/C submicrospheres were 
synthesized through a solid-state reaction method in argon atmosphere using 
monodispersed/multidispersed mesoporous TiO2 submicrospheres (TiO2-L, TiO2-M and 
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TiO2-S), lithium hydroxide (LiOH, Sigma–Aldrich, 98%) and sucrose (Sigma–Aldrich, 
99.5%) aqueous solution as precursors, as illustrated in Fig. 7.1. In a typical process, 
these precursors were mixed at a predetermined molar ratio of Li:Ti:C = 4.4:5.0:3.2 and 
then dried at 80 ℃. After calcining the mixture at 800 ℃ for 10 h in argon atmosphere, 
monodispersed/multidispersed mesoporous Li4Ti5O12–x/C submicrospheres (Li4Ti5O12–
x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S) were obtained. As a comparison, LTO-S was 
similarly fabricated through a solid-station reaction method in air atmosphere using TiO2-
S and LiOH as precursors. 
 
Fig. 7.1 Schematic preparation process for the mesoporous Li4Ti5O12–x /C 
submicrospheres. 
7.2.2 Material characterizations 
Crystal structure identification, particle morphology observation, specific surface area 
and pore size measurement, thermogravimetry analysis, and tap density measurement 
have been described in Sections 2.4, 2.6, 2.7, 2.8 and 2.9 respectively. Grain sizes were 
calculated based on X-ray diffraction patterns using the Scherrer equation. 
7.2.3 Electrochemical tests 
LIB assembly process, discharge-charge measurement, working potential measurement, 
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rate performance test and cyclability test have been shown in Sections 2.3, 2.13, 2.14, 
2.15 and 2.16, respectively. Electrochemical impedance spectroscope (EIS) 
measurements were carried out, as shown in Sections 2.10 and 2.11. 
7.3 Results and discussion 
7.3.1 Material characteristics 
XRD spectra of the TiO2 precursor powders (P-TiO2-L, P-TiO2-M and P-TiO2-S) are 
given in Fig. 7.2. No diffraction peaks can be observed from the TiO2 precursor powders, 
indicating amorphous nature. Their FESEM images and sphere-size distributions are 
displayed in Fig. 7.3 and Fig. 7.4, respectively. The three types of TiO2 precursor 
powders exhibit the same submicrospherical morphology but different sphere-size 
distributions. P-TiO2-L is comprised of monodispersed submicrospheres with a diameter 
of 800 ± 30 nm (Fig. 7.3a, Fig. 7.4 and Table 7.1). In contrast, P-TiO2-M reveals wide 
sphere-size distributions ranging from 250–850 nm although most of the submicrospheres 
are around 700 nm. Compared with P-TiO2-M, the submicrospheres in P-TiO2-S are even 
more dispersive between 150 and 850 nm centered at about 550–750 nm. The average 
sphere sizes of these three samples follow the order P-TiO2-L>P-TiO2-M>P-TiO2-S. The 
nitrogen adsportion–desportion isotherms of these three types of TiO2 precursor powders 
are shown in Fig. 7.5, and the resultant textural parameters are listed in Table 7.1. The 
small specific surface areas (<5 m2 g–1) and low pore volumes (~0.01 cm3 g–1) are 




Fig. 7.2 XRD spectra of P-TiO2-L, P-TiO2-M, P-TiO2-S, TiO2-L, TiO2-M and TiO2-S. 
After calcination at 400 ℃ for 5 h, all the three types of TiO2 powders (TiO2-L, TiO2-M 
and TiO2-S) exhibit five weak and broad XRD peaks at approximately 25.4°, 38.0°, 
48.1°, 54.1° and 63.5° (Fig. 7.2), inferring poor crystallinity of anatase TiO2 
nanoparticles. All the calcinated TiO2 samples inherit the submicrosphere morphology of 
the TiO2 precursor powders, as shown in Fig. 7.3d through Fig. 7.3f. Moreover, they still 
follow the sphere-size distributions in Fig. 7.4 but the submicrospheres shrank due to the 
moderate calcination. For instance, the submicrosphere size is decreased from the 
original 800 ± 30 nm in P-TiO2-L (Fig. 7.3a) to 610 ± 30 nm in TiO2-L (Fig. 7.3d). Their 
primary particles can be elucidated by TEM observations. As shown in Fig. 7.6a, inside 
the submicrospheres are a large number of tiny primary particles (~10 nm). The 
nanoparticle packing formed abundant mesopores. These mesoporous architectures are 
also confirmed by their nitrogen adsportion–desportion isotherms. All the three calcined 
TiO2 samples show type IV isotherms and type H4 hysteresis loops, suggesting that they 
are typical mesoporous materials [136,141,144]. They have large specific surface areas of 
~35 m2 g–1, proper pore sizes of ~4 nm and significantly increased pore volumes of ~0.05 
cm3 g–1 (Table 7.1). These desirable parameters support the fact that the calcined TiO2 









Fig. 7.3 FESEM images of (a) P-TiO2-L, (b) P-TiO2-M, (c) P-TiO2-S, (d) TiO2-L, (e) 
TiO2-M, (f) TiO2-S, (g) Li4Ti5O12–x/C-L, (h) Li4Ti5O12–x/C-M, (i) Li4Ti5O12–x/C-S and (j) 




Fig. 7.4 Sphere-size distributions of P-TiO2-L, P-TiO2-M and P-TiO2-S. 
 















































































































































































































































































































































































































































































































































































































Fig. 7.6 TEM images of (a) TiO2-L and (b) Li4Ti5O12–x/C-L; high-resolution TEM image 
of (c) Li4Ti5O12–x/C-L. 
 
Fig. 7.7 XRD spectra of Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and LTO-S. 
These calcined TiO2 submicrospheres were solid-state reacted with LiOH and sucrose at 
800 ℃ in argon atmosphere. The XRD spectra of the as-obtained composites in Fig. 7.7 
show several sharp diffraction peaks at approximately 18.4°, 35.6°, 37.2°, 43.3°, 47.4°, 
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57.2°, 62.8° and 66.1°, similar to LTO-S. These peaks can be respectively assigned to the 
(111), (311), (222), (400), (331), (333)/(511), (400) and (531) crystallographic planes of 
well-crystallined LTO-type crystals with a face-centered cubic spinel structure and 𝐹𝑑3̅𝑚 
space group. No diffractions from carbon, TiO2, Ti2O3 or Li2TiO3 can be observed, 
suggesting the formation of pure-phase LTO-type crystals possibly together with 
amorphous carbon. This observation also implies that the presence of carbon source did 
not influence the formation of the LTO-type crystals. A previous report confirmed that a 
similar reaction at non-oxidizing atmosphere leads to the generation of O2– vacancies and 
Ti3+ ions and thus the formation of nonstoichiometric Li4Ti5O12–x [187]. Thus, at this 
stage, it is assumed that the as-obtained crystals fulfill the composition of Li4Ti5O12–x in 
which the Ti3+:Ti4+ ratio is 2x:(5–2x) based on the charge balance, and thus the products 
are labeled as Li4Ti5O12–x/C composites. The presence of Ti
3+ ions can be due to the 
reduction of Ti4+ ions by carbon in non-oxidizing argon atmosphere.  
Fig. 7.8a reveals the TG curves of the Li4Ti5O12–x/C composites. These curves can be 
divided into four zones. In Zone A (<300 ℃), there is only a slight weight loss 
corresponding to the vaporization of moisture. A fast weigh loss can be observed between 
380 ℃ and 480 ℃ in Zone B, which can be ascribed to the oxidation of carbon. 
Consequently, the carbon contents in Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-
S were estimated to be 1.44%, 1.28% and 1.06%, respectively. After 480 ℃, as shown in 
Zone C, the weight is fast increased until 590 ℃. This increase can be attributed to the 
oxidation of Ti3+ ions in Li4Ti5O12–x following Eq. 7.1. To verify this explanation, Ti2O3 
powder (Sigma–Aldrich, 99.9%) was also tested by TG, and the corresponding TG curve 
is provided in Fig. 7.8b. The weight of the powders obviously increases once the 
temperature is higher than ~480 ℃, similar to Li4Ti5O12–x/C. This result fully supports the 
fact that Ti3+ ions in Li4Ti5O12–x/C were oxidized in Zone C. Based on this analysis and 
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Eq. 7.1, the x values in Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S were 
calculated to be 0.323, 0.364 and 0.329, respectively. Therefore, their O2– vacancy 
contents were calculated to be 2.69%, 3.03% and 2.74% (vs. all 32e sites in the spinel 
structure), and Ti3+ ion contents were determined to be 12.9%, 14.6% and 13.2% (vs. all 
titanium ions). Finally, the slight weigh loss in Zone D (>590 ℃) may be caused by the 
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Fig. 7.8 TG curves of (a) Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S as well as 
(b) Ti2O3 powders. 
To further elucidate the crystal structures of the Li4Ti5O12–x/C composites, Rietveld 
refinements were employed. Fig. 7.9 displays the observed, calculated, and error patterns 
for Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and LTO-S while the refinement 
results are tabulated in Table 7.2. Three constraints for the refinements have been 
assumed. Firstly, the site occupancies of the LTO-type crystals in the three composites 
fulfill stoichiometric composition of Li4Ti5O12–x, while that of LTO-S follows Li4Ti5O12. 
Secondly, the contents of Ti3+ and Ti4+ ions are fixed based on the TG results. Finally, the 
distribution of ions in the spinel structure is fixed as follows: O2– ions were located at 32e 
sites; Li+ and Ti4+ ions are distributed at both 16d and 8a sites while Ti3+ ions only stay at 
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16d sites. In principle, Ti3+ ions can reside at both 16d and 8a sites. However, it is 
impossible by the refinements of the X-ray diffraction profiles to distinguish Ti3+ and Ti4+ 
ions because these two kinds of ions have very close X-ray scattering factors. However, 
Ti3+ ion has a octahedral site preference energy (OSPE, 28.89 kJ mol–1) significantly 
larger than Ti4+ ion (0 kJ mol–1) [156], inferring that Ti3+ ion has a tendency to occupy 
16d sites much higher than Ti4+ ion. Therefore, to proceed the refinements, it can 
reasonably be assumed that Ti3+ ions only stay at 16d sites, while Ti4+ ions are distributed 
in both 16d and 8a sites. 
 
Fig. 7.9 Final observed, calculated, and error profiles with Rietveld refinements for 
Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and LTO-S. 
From Table 7.2, all the four samples exhibit negligible occupancies of Ti4+ ions in 8a 
sites, which indicates that the crystal structure modification hardly introduces non-Li+ 
ions into 8a sites and thus negligibly blocks of the three-dimensional 8a–16c–18a Li+ ion 
transportation pathways. In addition, the occupancies of O2– ions in 32e sites for 
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Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S are 0.974±0.005, 0.970±0.005 and 
0.972±0.005, respectively. Consequently, the corresponding x values were calculated to 
be 0.312±0.060, 0.360±0.060 and 0.336±0.060. These values are in good agreement with 
those obtained from the TG results, which validates the assumption that the site 
occupancies in the spinel structure fulfill the nonstoichiometric composition of Li4Ti5O12–
x. 
Table 7.2 Results of crystal structure analysis by Rietveld refinements in the Li4Ti5O12–
x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and LTO-S samples. 
Spinel Li4Ti5O12–x, space group: 𝐹𝑑3̅𝑚(cubic) 
Sample name  Li4Ti5O12–x/C-L Li4Ti5O12–x/C-M Li4Ti5O12–x/C-S LTO-S 









1.000(2) 1.000(2) 1.000(2) 1.000(2) 
Ti1 (Ti4+)  0.000(2) 0.000(2) 0.000(2) 0.000(2) 
16d 
Li2  0.167(1) 0.167(1) 0.167(1) 0.167(1) 
Ti2 (Ti4+) 0.726(8) 0.711(8) 0.723(8) 0.833(1) 
Ti3 (Ti3+)  0.107(–) 0.122(–) 0.110(–) – 
32e O 0.974(5) 0.970(5) 0.972(5) 1(–) 
Rwp   0.1095 0.1077 0.1071 0.1068 
Rp   0.0861 0.0840 0.842 0.0821 
 2   2.898 2.879 2.885 2.897 
f: site occupancy, Rwp: weighted profile residual, Rp: profile residual, and  2: goodness of 
fit. 
The morphologies, particle sizes and microstructures of the Li4Ti5O12–x/C composites are 
also shown in Fig. 7.3 and Fig. 7.6. The submicrosphere morphology was still retained 
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after the severe reaction at 800 ℃. The resultant submicrospheres still remained the 
sphere-size distributions in Fig. 7.4 but their sizes were further reduced. The sphere size 
of Li4Ti5O12–x/C-L shrank to 530 ± 30 nm (Fig. 7.3g), ~87% of that of TiO2-L (Fig. 7.3d). 
During the high-temperature calcination, the primary particle coarsening became 
obvious. As can be seen from the FESEM image of LTO-S (Fig. 7.3j), it seems that all the 
nanosized primary particles in a mesoporous submicrosphere severely grew to be a large 
and irregular particle. In sharp contrast, due to the presence of carbon hindering the grain 
growth, most of the Li4Ti5O12–x primary particles in the Li4Ti5O12–x/C submicrospheres are 
still smaller than 100 nm, as shown in the inset of Fig. 7.3g. This result is well consistent 
with the TEM image in Fig. 7.6b. Further structure information is provided in a 
representative high-resolution TEM image (Fig. 7.6c). A set of distinct lattice fringes with 
a spacing of 0.25 nm can correspond to the (311) crystallographic planes of the spinel 
Li4Ti5O12–x. This observation indicates the well-crystallized Li4Ti5O12–x primary particles 
in the Li4Ti5O12–x/C submicrospheres from 800 ℃. Comparatively, no fringes can be 
observed for the carbon, inferring its amorphous nature. These crystallographic results are 
in good agreement with the XRD analysis (Fig. 7.7). The carbon serves as thin carbon 
coatings (2–3 nm in thickness) and small carbon nanoparticles (~20 nm in size) around 
the Li4Ti5O12–x particles, which enables the fast transfer of electrons between the 
Li4Ti5O12–x particles during the lithiation and delithiation processes. 
To get more details information about the mesoporous structure, the nitrogen adsorption–
desorption isotherms of the three types of Li4Ti5O12–x/C submicrospheres were analyzed, 
and the results are also shown in Fig. 7.5 and Table 7.1. The presence of the hysteresis 
loops in the adsorption–desorption isotherms confirms their mesopores formed among 
intra-agglomerate primary particles. All the three types of submicrospheres exhibit 
similar and large specific surface areas of 12–15 m2 g–1, proper pore sizes of ~4 nm and 
127 
 
reasonable pore volumes of ~0.02 cm3 g–1. These desirable textural parameters further 
support the fact that the submicrospheres have a mesoporous structure. The mesopores 
here can benefit the rapid transportation of solvated Li+ ions in the pores, in sharp 
contrast to the micropores (<2 nm) impeding the transportation of solvated Li+ ions and 
the macropores (>50 nm) causing instability of electrodes during the electrode rolling 
process [153]. As a result, these mesoporous Li4Ti5O12–x/C submicrospheres hold great 
promise in supplying sufficient surface areas for the electrochemical reactions and 
efficient transportation of the solvated Li+ ions, which are conductive to improving their 
rate performances. 
Table 7.1 also records the tap densities of the Li4Ti5O12–x/C submicrospheres. It can be 
seen that all the powders have high tap densities above 1.4 g cm–3. Comparatively, LTO-S 
shows a lower value of 1.22 g cm–3, and an extremely low tap density of 0.49 g cm–3 was 
obtained from the LTO nanoparticles with ~20 nm in size prepared from a solvothermal 
method [100]. These comparisons confirm the advantage of the submicrosphere 
morphology that it is capable of ensuring a large tap density and thus large volumetric 
energy density in LIBs. The larger values for the Li4Ti5O12–x/C submicrospheres than 
LTO-S suggest that spherical particles are more favourable for a large tap density 
compared with irregular particles. Among the three Li4Ti5O12–x/C samples, Li4Ti5O12–x/C-
S exhibits the largest value of 1.71 g cm–3. This result can be explained by the graded 
theory [188], which reveals that graded (multidispersed) particles deliver a tap density 
higher than that of monodispersed particles. Obviously, the widest sphere-size 
distribution (100–600 nm) in Li4Ti5O12–x/C-S results in its largest tap density. 
7.3.2 Electrochemical performances 
Fig. 7.10  and Table 7.3 compare the initial galvanostatic discharge–charge profiles of the 
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Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and LTO-S samples at different rates 
from 0.5 to 10 C in a potential range between 1.0 to 2.5 V (vs. Li/Li+). At 0.5 C, each 
sample shows a flat discharge plateau of ~1.56 V (vs. Li/Li+) and a flat charge plateau at 
~1.60 V (vs. Li/Li+), which is the characteristic of the reversible two-phase reaction based 
on the Ti3+/Ti4+ redox couple [26]. With the increase in the C rate, the discharge plateau 
becomes lower while the charge plateau becomes higher, indicative of polarization 
increase. For the LTO-S sample, the polarization is so large that no obvious discharge and 
charge plateaus can be found at the rates above 5 C. For each Li4Ti5O12–x/C sample, 
however, an obvious discharge plateau and charge plateau can always be observed even 
at a high rate of 10 C. The smaller polarization in the Li4Ti5O12–x/C samples infers their 
better reaction kinetics. 
At 0.5 C, the Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S samples respectively 
exhibit similar initial discharge capacities of 170, 173 and 171 mAh g–1, very close to the 
theoretical capacity of LTO (175 mAh g–1). In sharp contrast, the capacity of the LTO-S 
sample is only 153 mAh g–1. This comparison shows that the high values for the three 
Li4Ti5O12–x/C samples are attributed to their mesoporous submicrospherical morphology. 
The large particles of the LTO-S sample rendered the lithiation/delithiation uncompleted 
since Li+ ions and electrons had to transport long distances to reach the centers of these 
particles, leading to the smaller capacity of LTO-S. Conversely in the mesoporous 
Li4Ti5O12–x/C submicrospheres, their small primary particles and proper mesopore sizes 
ensured the easy transportation of Li+ ions and electrons and thus the completed lithiation 
and delithiation. In addition, these mesopores provided extra space for storage of Li+ 






Fig. 7.10 Initial discharge–charge profiles of 
Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–
x/C-S and LTO-S samples at 0.5 C, 1 C, 2 C, 
5 C and 10 C (identical discharge–charge 
rates were used). 
 
Fig. 7.11 dQ/dE curves of Li4Ti5O12–x/C-L, 
Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and LTO-S 
samples at 0.1 C (identical discharge–charge 























































































































































































































































































































































































































































































































































































































The first cycle Coulombic efficiency is a key parameter for an electrode material. The 
three Li4Ti5O12–x/C samples exhibit similar and high first cycle Coulombic efficiency of 
~95%. It is known that the first cycle Coulombic efficiency is greatly impacted by the 
crystallinity of electrode materials [129]. The low crystallinity in nanosized LTO 
materials (such as nanoparticles, nanosheets and nanorods) generally brings a large 
number of defects. Such defects can trap Li+ ions, resulting in low first cycle Coulombic 
efficiency. For instance, LTO nanosheets with poor crystallinity prepared at 500 ℃ shows 
a low first cycle Coulombic efficiency of ~82% [129]. In contrast, as revealed by the 
XRD patterns (Fig. 7.7) and high-resolution TEM image (Fig. 7.6c), these Li4Ti5O12–x/C 
samples possess high crystallinity of Li4Ti5O12–x due to the severe reaction at 800 ℃. 
Such high crystallinity can lead to the high first cycle Coulombic efficiency. Therefore, 
the high values of both first cycle Coulombic efficiency and tap density for these 
Li4Ti5O12–x/C samples may impart them with practical value in LIBs. 
To understand the differences in the redox reactions, the galvanostatic data at 0.1 C in a 
potential range of 1.52–1.61 V (vs. Li/Li+) of all the four samples are plotted using a form 
of differential capacities (dQ/dE), as shown in Fig. 7.11. Their corresponding discharge 
potentials, charge potentials and working potentials are tabulated in Table 7.3, where the 
working potential is considered as the average value of the discharge potential and charge 
potential. At such low rate of 0.1 C, polarization is negligible, thereby the discharge and 
charge plateaus can be easily identified. The working potentials of the Li4Ti5O12–x/C-L, 
Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S samples are respectively 4.4, 4.7 and 4.5 mV lower 
than that of the LTO-S sample. The decrease in the working potential can be ascribed to 
the modifications of the crystal structural arrangement on the energy of the Ti3+/Ti4+ 
redox couple. These modifications include the variations of ion types, available sites, 
neighbouring atoms and ionocovalent bonds. To the best of our knowledge, Li4Ti5O12–x/C 
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in this work is the second type of LTO-based materials that succeeds in lowering the 
working potential besides Cr3+ doped LTO. In addition, in the three Li4Ti5O12–x/C 
samples, the discharge plateaus follow the order Li4Ti5O12–x/C-L (1552.8 mV)<Li4Ti5O12–
x/C-M (1553.9 mV)<Li4Ti5O12–x/C-S (1554.7 mV), while the charge plateaus follow the 
order Li4Ti5O12–x/C-L (1569.0 mV)>Li4Ti5O12–x/C-M (1567.3 mV)>Li4Ti5O12–x/C-S 
(1566.8 mV). Thus, the charge–discharge plateau differences follow the order Li4Ti5O12–
x/C-L (16.2 mV)>Li4Ti5O12–x/C-M (13.4 mV)>Li4Ti5O12–x/C-S (12.1 mV). This smallest 
difference for the Li4Ti5O12–x/C-S sample indicates its best reaction kinetic among the 
three Li4Ti5O12–x/C samples. 
 
Fig. 7.12 Rate performances of Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S and 
LTO-S samples at different rates: 1
st–10th cycles at 0.5 C, 11th–20th at 1 C, 21th–30th at 2 C, 
31
th–40th at 5 C and 41th–50th at 10 C (identical discharge–charge rates were used). 
The rate performances of the Li4Ti5O12–x/C samples at increasing C rates from 0.5 C to 10 
C are summarized in Fig. 7.12. It is clear that the capacity gradually decreases when the 
rate increases. As the C rate progressively increases from 0.5 C to 1, 2, 5 and 10 C, the 
charge capacity of the LTO-S sample quickly declines from the original 148 mAh g–1 to 
115, 72, 27 and 12 mAh g–1. Compared with the LTO-S sample, all the three Li4Ti5O12–
x/C samples exhibit larger capacities at all the rates and reveal much less capacity 
degradation. For instance, while the LTO-S sample shows 27 mAh g–1 at 5 C, the 
Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, Li4Ti5O12–x/C-S samples offer 129, 133 and 138 mAh 
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g–1, respectively. When the rate is further increased to 10 C, they still deliver large 
capacities of 108, 113 and 118 mAh g–1, which are 9–10 times larger than that of the 
LTO-S sample (12 mAh g–1). To our best knowledge, these increase amplitudes of the 
capacity at 10 C are among the best results ever reported to date. 
Clearly, the Li4Ti5O12–x/C samples exhibit significantly improved rate performances. 
These improvements can be attributed to the following six modifications. (1) Through the 
incorporation of Ti3+ ions, free 3d electrons were introduced into the spinel crystalline 
structure. It is thus reasonable to deduce that the electronic conductivity in the Li4Ti5O12–x 
particles can be enhanced although the real value cannot be accurately obtained due to the 
presence of carbon. (2) Similarly, the Li+ ion diffusion coefficient in the Li4Ti5O12–x 
particles cannot be accurately achieved, either. Based on the crystal structural analysis, 
however, the improvement of this parameter can be expected since the properties of 
materials are generally dependent upon the structure. The three-dimensional 8a–16c–8a 
network in the spinel structure is identified as the Li+ ion transportation pathways. During 
the lithiation/delithiation process, Li+ ions have to pass through the O2– ion planes located 
between 8a and 16c sites, which form Li+ ion transportation bottlenecks [158]. As shown 
in Fig. 7.9 and Table 7.2, the crystal structure modification in this research negligibly 
blocked the Li+ ion transportation pathways but introduced considerable O2– vacancies, 
which can enable faster Li+ ion transportation and thus infer the increase in the Li+ ion 
diffusion coefficient in the Li4Ti5O12–x particles. (3) The carbon coatings and carbon 
nanoparticles serve as ideal electrical conductive networks and thereby can remarkably 
improve the electrical conduction between the Li4Ti5O12–x particles. (4) The small primary 
particles in the submicrospheres can not only enhance interfacial reactivity but also favor 
the electron conduction and Li+ ion diffusion within the particles. (5) The proper pore 
size and volume can facilitate the solvated Li+ ion transportation in the mesopores. (6) 
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The high crystallinity of Li4Ti5O12–x can offer robust crystal structure during the 
lithiation/delithiation process and thus can accelerate the electron conduction and Li+ ion 
diffusion in the Li4Ti5O12–x particles. Among the three Li4Ti5O12–x/C samples, Li4Ti5O12–
x/C-S shows the best rate performance. This result can be due to its smallest sphere size, 
which imparts it with the easiest transport of Li+ ions/electrons to the submicrosphere 
centers. 
To study the cyclability of these Li4Ti5O12–x/C composites, the composite/Li cells were 
tested at 10 C, as shown in Fig. 7.13. After 100 cycles, all the three composite/Li cells 
exhibit similar cyclability with capacity retention of ~96%. The good cyclability can also 
be associated with the small Li4Ti5O12–x primary particles ensuring the completed 
lithiation/delithiation and the high crystallinity of Li4Ti5O12–x keeping the structure 
integrity during the cycling. 
 
Fig. 7.13 Cyclability of Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M and Li4Ti5O12–x/C-S samples at 
10 C (identical discharge–charge rates were used). 
To further clarify the complementary effects of the carbon compositing, crystal structure 
modification and hierarchical particle construction, EIS measurements were carried out 
on the composite/Li and LTO-S/Li cells, and their Nyquist plots are displayed in Fig. 
7.14. It can be seen that two depressed semicircles and one oblique line are presented in 
the plots for the composite/Li cells. The first semicircle (at the high frequency region) 
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reflects Li+ ion diffusion in particle surface. The second semicircle (at the medium-to-low 
frequency region) indicates charge transfer reaction occurring at electrode/electrolyte 
interface. The oblique line (at the low frequency region) corresponds to Li+ ion diffusion 
in bulk crystals [183–185]. However, the first semicircle cannot be found in the LTO-S/Li 
cell. This absence can be due to the negligible Li+ ion diffusion through the particle 
surface arising from the small specific surface area (1.52 m2 g–1) and no carbon coatings 
for the LTO-S particles. 
 
Fig. 7.14 Nyquist plots for impedance response of Li4Ti5O12–x/C-L, Li4Ti5O12–x/C-M, 
Li4Ti5O12–x/C-S and LTO-S samples; the inset shows the selected equivalent circuit to fit 
the plots. 
According to the above analysis, an equivalent circuit to fit the Nyquist plots is provided 
in the inset of Fig. 7.14. The terms RΩ, Rs and Rct are respectively attributed to the ohmic 
resistance of the cell, the resistance for Li+ ion diffusion through surface area and the 
charge-transfer resistance; CPEs and CPEdl are respectively assigned to the constant 
phase-angle elements describing the non-ideal capacitances of particle surface and 
electrical double layer; and W is ascribed to the Warburg impedance depicting Li+ ion 
diffusion in bulk crystals. The fitted results are also summarized in Table 7.3. It can be 
clearly seen that the Rct values for the Li4Ti5O12–x/C samples follow the order Li4Ti5O12–
x/C-L (734 Ω)>Li4Ti5O12–x/C-M (635 Ω)>Li4Ti5O12–x/C-S (474 Ω). All these Rct values are 
much smaller than that for the LTO-S sample (1021 Ω). This result indicates the 
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significantly better reaction kinetics in the Li4Ti5O12–x/C samples and further confirms the 
advantage of the complementary method combining the carbon compositing, crystal 
structure modification and hierarchical particle construction. The smallest Rct value for 
the Li4Ti5O12–x/C-S sample reveals its best reaction kinetics, in good agreement with its 
smallest polarization (Fig. 7.11) and best rate performance (Fig. 7.10 and Fig. 7.12). 
7.4 Conclusions 
Intriguing monodispersed/multidispersed mesoporous Li4Ti5O12–x/C submicrospheres are 
facilely prepared through a complementary method combining carbon compositing, 
crystal structure modification and hierarchical particle construction. These 
submicrospheres show high crystallinity of Li4Ti5O12–x, no blockages of Li
+ ion 
transportation pathways, 2.69–3.03% O2– vacancy contents (vs. all 32e sites), 12.9–14.6% 
Ti3+ ion contents (vs. all titanium ions), well-defined spherical shapes, small primary 
particles (<100 nm) composited with 1.06–1.44 wt% amorphous carbon (coating and 
nanoparticles), large specific surface areas (12–15 m2 g–1), proper pore sizes (~4 nm) and 
large tap densities (>1.4 g cm–3). These advanced material characteristics can impart the 
submicrospheres with increased electronic conductivity and Li+ ion diffusion coefficient 
of the particles as well as enhanced electrical conduction between the particles, resulting 
in their high first cycle Coulombic efficiency of ~95%, lower working potentials by ~4.5 
mV, high rate performances (9–10 times larger capacities at 10 C than the LTO-S sample) 
and good cyclability (~96% capacity retention after 100 cycles). The optimized sample, 
Li4Ti5O12–x/C-S, with widest sphere-size distributions ranging from 100–600 nm, exhibit 
the largest tap density of 1.71 g cm–3 and the largest capacity of 119 mAh g–1 at 10 C. 
Apart from the present complementary method of compositing, crystal structure 
modification and hierarchical particle construction, it is not aware of any method that can 
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achieve the comprehensively improved material properties and electrochemical 
performances. This complementary method may find its extensional applications for 
comprehensively enhancing the electrochemical performances of other LIB materials, 




Chapter 8. Conclusions and Recommendations 
To explore several advanced LTO-based anode materials for high-power LIBs, Ni2+, Cu2+, 
Fe2+ and Cr3+ doped LTO materials have been systematically studied. All the four dopings 
significantly improved the rate performance of LTOs, in which Cu2+, Fe2+ and Cr3+ 
dopings showed better rate performances than Ni2+ doping. The specific capacities at 10 
C were respectively enhanced by five, three and four times for Cu2+, Fe2+ and Cr3+ doped 
LTO compared to that for the pristine LTO, while that at 5 C  was increased by only one 
time for Ni2+ doped LTO. These studies have provided clear evidence that doping is an 
effective strategy to improve the rate performance of LTO. 
From the investigations of these dopings, the relations among the material composition, 
material structure, material properties and LIB performances have now become clear. 
Firstly, small doping slightly alters the material structure in terms of the lattice constant 
and ion occupancies, while large doping greatly varies them. Secondly, increasing the 
lattice constant leads to the enhancement of Li+ diffusion coefficient, while the blockage 
of Ti4+ ions in 8a–16c–8a Li+ transportation pathways reduces it. Thirdly, the unpaired 
electrons in 3d orbitals in the dopant ions contribute to improved electronic conductivity. 
Finally, the enhanced Li+ diffusion coefficient and electronic conductivity are beneficial 
to improving rate performance. This understanding of the relations can benefit future 
material design. 
The comparison of the four dopings has led to the revelation of the doping law for LTO. 
Firstly, light doping is generally preferred to heavy doping due to the fact that heavy 
doping results in lower specific capacities at low rates. At 0.5 C, the specific capacities of 
all the four doped LTO materials are lower than that for the pristine material. Secondly, 
the dopant with a large ion size is preferred since it increases the lattice constant, which 
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can improve the Li+ diffusion coefficient. For instance, high-spin Fe2+ ion in the 
octahedral site has the largest size (0.78 Å) among all the four ions. As a result, the Fe2+ 
doped LTO possesses the largest lattice constant with the same doping level. Thirdly, the 
dopant with a large OSPE value is preferred because it ensures a less severe blockage of 
Ti4+ ions in the 8a–16c–8a Li+ ion transportation pathways, benefiting the improved Li+ 
diffusion coefficient. For instance, in comparison with the Fe2+ doped LTO, the Cu2+ 
doped LTO has far less severe blockage of the Li+ ion transportation pathways because 
the OSPE value for Cu2+ is much larger than that for Fe2+. Finally, the dopant with 
unpaired 3d electrons is preferred since these electrons can freely move in the structure, 
contributing to enhanced electronic conductivity. Using this law, the performances of the 
other doped LTO materials can be predicted.  Therefore, this law can be used as a 
guideline for future material design. 
Possible strategies to lower the working potential of LTO have also been investigated. It 
has been found that the working potential of LiCrTiO4 is 46.2 mV lower than that for the 
pristine LTO, in agreement with previous reports [14].  Moreover, the light Ti3+ doping 
(12–14% Ti3+ ions vs. all titanium ions) results in 4.4–4.7 mV lower working potentials, 
suggesting that Ti3+ ion is a promising dopant for lowering the working potential.  In 
addition, Fe2+ ion has been identified as another effective dopant. The working potentials 
of Li3.9Fe0.15Ti4.95O12, Li3.8Fe0.3Ti4.9O12 and Li3.7Fe0.45Ti4.85O12 samples are respectively 
4.0, 9.0 and 14.7 mV lower than that of the pristine sample. These findings confirm that 
doping is an effective strategy for lowering the working potential of LTO. These dopings 
may lead to an enhancement of power density in high-power LIBs. 
To improve the rate performance of LTO, nanosizing LTO particles has also been used 
and confirmed as another effective strategy. Due to the small primary particle size, 
monodisperse mesoporous LTO submicrospheres showed high rate performances. Their 
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optimized sample exhibited a large specific capacity of 109 mAh g–1. 
To further improve the rate performance of LTOs, three complementary strategies have 
been employed. Firstly, the complementary employment of Cu2+ doping and CNTs 
compositing improved Li+ diffusion coefficient and electronic conductivity in particles as 
well as electrical conduction between particles. As a result, the specific capacity of 
Li3.8Cu0.3Ti4.9O12/CNTs at 10 C is eight times larger than that for the pristine LTO. 
Secondly, besides the three improvements mentioned above, the complementary effects 
of Fe2+/Cr3+ doping, CNTs compositing and carbon’s hinderer of the particle growth 
decreased the particle size, leading to significantly enhanced rate performances. 
Compared with the pristine LTO, Li3.8Fe0.3Ti4.9O12/CNTs and LiCrTiO4/CNTs have eight 
and nine times larger specific capacities at 10 C, respectively. Finally, through a 
complementary method combining carbon compositing, crystal structure modification 
and hierarchical particle construction, monodispersed/multidispersed mesoporous 
Li4Ti5O12–x/C submicrospheres were successfully prepared and exhibited high rate 
performances. The specific capacity of the optimized sample at 10 C was increased by 
nine times compared to the LTO irregular particles. Apart from the high rate 
performances, these composites also have some other advanced performances. For 
instance, the mesoporous Li4Ti5O12–x/C submicrospheres display high initial Coulombic 
efficiency, good cyclability, lower working potentials and large tap densities. Therefore, 
they may find promising applications in high-power LIBs for EVs/HEVs due to their 
high rate performance and the simple synthesis route. 
Table 8.1 summarizes the materials developed in this study. As can be seen, 
Li3.8Cu0.3Ti4.9O12/CNTs, Li3.8Fe0.3Ti4.9O12/CNTs, LiCrTiO4/CNTs, monodispersed 
Li4Ti5O12 submicrospheres and multidispersed Li4Ti5O12–x/C submicrospheres exhibit 
high rate performances. The complementary strategy is the most effective strategy to 
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improve the rate performance. Cr3+ is the most effective dopants that can lower the 
working potential. 
 Table 8.1 Summary of the materials developed in this study. 
≈: almost equal, ↑: increase, ↓: decrease (refer to the pristine LTO), and –: no tests. 
It should be noted that only four dopings were studied in this research. Further research is 
needed to explore more dopings using other dopants to strengthen the findings of the 






























Li3.9Ni0.15Ti4.95O12 ≈ ≈ ↑ 72 at 5 C – ≈ ↑ 
Li3.8Cu0.3Ti4.9O12/
CNTs 
≈ ↑ ↑ 114 at 10 C 98.2 ≈ ↑ 
Li3.8Fe0.3Ti4.9O12/
CNTs 
↓ ↑ ↑ 106 at 10 C 117 ↓ 9.0 
mV 
↑ 















material properties and LIB performances. Moreover, in this research, only CNTs and 
pyrolytic carbon were used as the second conductive phases. Some promising materials, 
such as graphene, can also serve as the second conductive phase due to their high 
electrical conductivity. In addition, the methods of reducing particle size only include 
synthesizing mesoporous LTO submirospheres and using carbon materials to hinder the 
grain growth of LTO. It will be interesting to employ other methods, such as the spray 
drying method. Finally, the occupancies of Li+ ions in 8a and 16d sites of the spinel 
structure could not be accurately determined in this research due to the limitations of 
laboratory X-ray diffraction to light Li+ ions. Neutron diffraction technique is 
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